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 A B S T R A C T

Hydrogen transportation poses significant explosion risks, especially under confined conditions. This study 
evaluates the accuracy of the Conservation Element/Solution Element (CESE) method, with finite-rate chem-
istry, for predicting blast loads from confined hydrogen–air detonations at varying initial compositions. A 
shock tube simulation is compared against one-dimensional theory at the detonation front, using four reaction 
mechanisms (7 to 19 species). The 7-species mechanism predicts the Chapman–Jouguet (CJ) state within 
1%–2% error up to 40 vol% H2, offering a computationally efficient option for large simulations, considering 
that computational time scales with the square of the number of species. While mesh refinement (0.2–2 mm) 
improves peak pressure prediction, impulse remains 5% underestimated due to the unresolved induction zone. 
The proposed 2D model – using 7 species, 1 mm mesh size and inviscid flow – is then validated against 
a confined detonation experiment from literature. It accurately predicts detonation speed, pressure history 
(including shock reflections), and impulse along the 3-metre chamber. The study provides insight into the 
applicability and limitations of the CESE-chemistry method in confined detonation scenarios.
1. Introduction

Hydrogen has the potential to become a clean energy carrier with 
a central role in achieving net-zero CO2 emissions by 2050 (Evro 
et al., 2024; IEA, 2023). According to the International Energy Agency, 
meeting this scenario would require around 388 million tonnes of 
low-emission hydrogen by then, with major applications in aviation, 
shipping, road transportation, and power generation (IEA, 2023).

However, hydrogen’s wide flammability range (4–75 vol%), low 
ignition energy, high volatility, and high flame speeds pose signifi-
cant safety concerns (Wen et al., 2025). A statistical analysis based 
on the HIAD 2.0 database, including 576 hydrogen-related incidents, 
found that ignition occurred in 79% of the cases and 48% resulted in 
explosion (Wen et al., 2022).

Detonations represent a worst-case explosion scenario in hydro-
gen safety due to their high pressures, high temperatures, and su-
personic blast waves reaching speeds around 2000 m/s (Chamberlain 
et al., 2019; Groethe et al., 2007). Detonability limits of hydrogen 
in air are typically quoted within 18–59 vol% (Wen et al., 2025), 
although experiments with large confined volumes report deflagration-
to-detonation transition (DDT) happening for concentrations as low 
as 12.5 vol% (Dorofeev et al., 1996). Confined environments increase 
the risk of hydrogen accumulation, DDT, and shock wave reflections, 
which can amplify their destructive effects (Rokhy and Soury, 2022; 
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Chamberlain et al., 2019; Groethe et al., 2007). A notable example of 
this is the 2011 Fukushima nuclear plant catastrophe (Yanez et al., 
2015). DDT occurs in confined environments due to turbulence and 
obstacles in the flame path, causing shocks to develop and interact with 
the reaction front, eventually leading to a detonation onset (Oran and 
Gamezo, 2007; Wen et al., 2025; Hasslberger et al., 2015).

Given the destructive potential of hydrogen detonations, numerical 
modelling stands as a safe and cost-effective way to assess hazards and 
structural impact in early design stages.

1.1. One-dimensional detonation front

A detonation is a supersonic shock wave coupled with a reaction 
zone. In one dimension, the leading shock compresses the unburned 
mixture, causing a sharp rise in pressure and temperature that initiates 
chain-branching reactions. This corresponds to the von Neumann (vN) 
state, where pressure reaches its maximum value, denominated 𝑃𝑣𝑁 , 
but significant reactions have not yet occurred. (Fickett and Davis, 
2000).

After a finite induction time, exothermic reactions release chemical 
energy, further increasing the temperature and driving gas expansion. 
As chemical equilibrium is reached – the Chapman–Jouguet (CJ) state 
–, temperature stabilises at 𝑇𝐶𝐽 , and the pressure drops to 𝑃𝐶𝐽 .
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A self-sustained detonation propagates at the theoretical CJ speed, 
𝑉𝐶𝐽 , where the flow behind its front becomes sonic and acoustic 
perturbations can no longer affect the shock (Fickett and Davis, 2000).

The vN and CJ states are solutions to the Rankine–Hugoniot jump 
conditions, assuming frozen and equilibrium compositions, respec-
tively. Intermediate states are described by the Zeldovich–von
Neumann–Döring (ZND) model, which solves the Euler equations for 
a one-dimensional, planar, and steady wave (Fickett and Davis, 2000; 
Browne et al., 2024).

The ZND model is implemented in the Shock and Detonation Tool-
box developed by Caltech (Browne et al., 2024), incorporating chemical 
kinetics to compute the spatial profiles of pressure, temperature, and 
species mass fractions across the detonation front.

1.2. Modelling approaches for detonation blast loads

Blast loading from detonations can be predicted with different levels 
of fidelity, depending on the application.

The TNT equivalence method is widely used to estimate blast loads 
for structural analysis (United States Department of the Army, 1986; 
Kim et al., 2023). Assuming an efficiency factor 𝜂, one can convert the 
energy of a gas explosion, such as H2-air, into an equivalent mass of 
TNT to obtain semi-empirical blast pressure curves at a given stand-
off distance. Alternatively, the equivalent TNT mass can be modelled 
in an Eulerian mesh with a burn fraction controlling the detonation 
energy release and an equation of state – typically the Jones-Wilkins-
Lee (JWL EOS) – to describe the TNT products’ expansion (Chen et al., 
2023; Rokhy and Mostofi, 2023).

Although computationally efficient, since chemical kinetics is not 
included, these methods are sensitive to the choice of 𝜂, which must be 
tuned to each case and geometry (Chen et al., 2023; Kim et al., 2023). 
Furthermore, they are mostly applied to open-field scenarios where the 
pressure is measured away from the detonation point. For confined 
detonation scenarios, with wall shock interactions and possible mixture 
inhomogenities, it is necessary to incorporate chemical kinetics in the 
model.

Simulations with detailed finite-rate chemistry can capture the cel-
lular structure of H2 detonations and triple points resulting from the 
interaction between the flame front and transverse waves (Sharpe, 
2001; Smirnov et al., 2024; Sankar et al., 2025; Weng et al., 2025). 
However, to resolve the chemical induction scales, the mesh sizes are 
in the order of micrometres, making it computationally unfeasible for 
full-scale safety analysis.

Hasslberger et al. modelled H2-air DDT in a large confined volume 
using under-resolved meshes (Hasslberger et al., 2015). They employed 
adaptive mesh refinement (AMR) techniques to achieve higher resolu-
tion near the precursor shocks and flame tip, allowing to predict flame 
acceleration and DDT by shock focusing.

AMR functionality, however, is often limited or unavailable in 
commercial fluid–structure interaction (FSI) solvers required for struc-
tural analysis. To address computational efficiency, we use under-
resolved fixed meshes, a reduced reaction mechanism, and assume 2D 
planar-wave conditions, which are compatible with FSI frameworks.

For this purpose, the Conservation Element/Solution Element
(CESE) method, implemented in LS-DYNA (Grippon et al., 2015), is 
employed along with finite-rate chemistry. LS-DYNA is chosen for 
its integrated structural and reacting flow capabilities, within a sin-
gle framework, allowing extension to future FSI studies (Rokhy and 
Mostofi, 2023; Haghgoo et al., 2021; Grippon et al., 2015).

Originally proposed by Chang (1995), CESE is a second-order, ex-
plicit scheme that differs significantly from traditional finite-volume 
methods (FVM), due to (Jiang et al., 2020):
• Unified treatment of space and time.
• Introduction of conservation elements (CE) and solution elements 
(SE) to discretise the space–time domain.
2 
• Physical variables approximated by a Taylor expansion inside each 
SE, and conservation equations enforced at each CE.

• Use of a compact stencil, requiring only neighbouring cell informa-
tion, which favours parallelisation.

• Spatial derivatives of the physical quantities are stored and updated 
as independent variables.
The above features result in low dissipation and high compactness, 

achieving accurate solutions even with CFL numbers close to 1 (Chang, 
1995; Grippon et al., 2015). In a study by Jiang et al. (2020), the 
Sod’s shock-tube problem was solved by the CESE method and an FVM 
using the monotonic upstream-centred scheme (MUSCL). The CESE 
method better resolved the narrow shock discontinuities while showing 
superior computational efficiency.

Im et al. studied H2-O2-Ar detonations in a shock tube using the 
CESE approach with a 9-species reaction mechanism (Im et al., 2002). 
The detonation CJ properties and temporal evolution were closely 
aligned with previous numerical and experimental results.

The LS-DYNA-based CESE solver has been used in FSI studies, to 
model metal forming under H2-O2 detonations (Haghgoo et al., 2021; 
Rokhy and Soury, 2019), the response of concrete barriers to H2-air 
blasts (Rokhy and Mostofi, 2023), and confinement effects in propane 
detonations (Rokhy and Soury, 2022). Compared to the TNT method, 
it captured more accurately load duration, the negative pressure phase, 
and total impulse, particularly in semi-confined detonations (Rokhy 
and Mostofi, 2023; Chen et al., 2023).

The present study evaluates the capability of the CESE-chemistry 
method to predict H2-air detonations under concentrations ranging 
from 20 to 55 vol%. The impact of under-resolved mesh, reduced reac-
tion mechanisms, and 2D planar wave conditions on the blast loading 
is discussed. To quickly evaluate the effects on the detonation front 
and computational effort, a shock-tube detonation is first modelled. 
Finally, with an efficient choice of reaction mechanism and mesh size, 
the method is validated against a full-scale confined detonation ex-
periment, demonstrating its applicability and limitations in a complex 
scenario.

2. Methodology

Fig.  1 illustrates the proposed verification and validation strategy 
for the CESE-chemistry method. The first verification consists of a 
shock-tube detonation case, for which the results can be compared 
against the one-dimensional ZND model (Browne et al., 2024).

The proposed model is then validated against a full-scale hydrogen–
air detonation experiment, performed for various H2 concentrations, 
from Rudy et al. (2017), who recorded the pressure–time data at 
multiple locations, showing complex shock reflections in a confined 
chamber.

2.1. Shock tube model

The computational domain consists of a long and narrow shock tube 
(⌀0.01 × 1 m) modelled in 2D using a structured mesh. The initial 
conditions are 𝑃0 = 1 bar, 𝑇0 = 300 K, and a H2-air mixture varying 
between 20–55 vol% of H2.

Direct ignition is numerically triggered by creating a planar high-
pressure region (𝑃𝑖 = 1.5 MPa), immediately followed by a high-
temperature region (𝑇𝑖 = 3000 K), each 2 mm thick, at the left end 
of the tube (see Fig.  2). The rapid expansion of compressed gas gener-
ates a strong shock that couples with reactions initiated in the high-
temperature region. Following a brief acceleration phase, the deto-
nation stabilised at the Chapman–Jouguet speed 𝑉𝐶𝐽 , allowing direct 
comparison with the ZND solution computed using the Shock and 
Detonation Toolbox (Browne et al., 2024).
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Fig. 1. Methodology and validation plan.
Fig. 2. 2D shock tube model and detonation wave travelling from left to right (not at scale).
2.1.1. Compressible CFD solver
Due to the high propagation speeds of detonation waves, reaction 

timescales are much smaller than diffusion ones, allowing us to neglect 
diffusive effects for practical purposes (Fickett and Davis, 2000). The 
flow is governed by the inviscid, compressible Euler equations for mass, 
momentum, and energy conservation (Eqs. (1a)–(1c)), extended with 
species mass conservation (Eq. (1d)) to describe chemically reacting 
flows (Poinsot and Veynante, 2005): 
𝜕𝜌
𝜕𝑡

+ 𝜕
𝜕𝑥𝑖

(𝜌𝑢𝑖) = 0 (1a)

𝜕
𝜕𝑡
(𝜌𝑢𝑗 ) +

𝜕
𝜕𝑥𝑖

(𝜌𝑢𝑖𝑢𝑗 ) +
𝜕𝑝
𝜕𝑥𝑗

= 0 (1b)

𝜕
𝜕𝑡
(𝜌𝐸) + 𝜕

𝜕𝑥𝑖
(𝑢𝑖[𝜌𝐸 + 𝑝]) = 0 (1c)

𝜕
𝜕𝑡
(𝜌𝑌𝑘) +

𝜕
𝜕𝑥𝑖

(𝜌𝑢𝑖𝑌𝑘) = 𝜔̇𝑘 (1d)

Here, 𝜌 is the density, 𝑢𝑖 is the velocity component in direction 𝑥𝑖, 𝑝
is the pressure, 𝐸 = 𝑒+ 1

2 𝑢𝑖𝑢𝑖 is the specific total energy, 𝑌𝑘 is the mass 
fraction of species 𝑘, and 𝜔̇𝑘 is its production rate.

At high initial pressures, the ideal gas EOS underpredicts CJ speed, 
pressure, and temperature for hydrogen detonations (starting from 
5–10 bar) (Schmitt and Butler, 1995; Weng and Mével, 2022), and it 
also yields larger detonation cell sizes compared with real gas mod-
els (Weng et al., 2025). In this work, however, the initial pressure is 
1 bar, for which ideal gas and real gas EOS provide similar results. For 
this reason, the ideal gas law was adopted.

The CESE solver is used to solve the reacting flow. For the shock-
tube verification, the geometry is assumed 2D axi-symmetric, with 
the axis of symmetry being along the tube length, and slip boundary 
conditions are applied to the walls (see Fig.  2).

The explicit time step is governed by the Courant–Friedrichs–Lewy 
(CFL) condition, requiring 𝐶CFL ≤ 1 for stability. A Courant number 
𝐶CFL = 0.99 provides stable, non-oscillatory results while maximising 
efficiency Appendix  A. Lower 𝐶max values increase numerical dissipa-
tion and degrade shock resolution by smearing the discontinuity (Wen 
3 
et al., 2023). The CESE solver incorporates a relaxation procedure with 
some numerical dissipation, controlled by a parameter 𝜀 ≥ 0. Values of 
𝜀 ≥ 0.5 yield stable solutions Appendix  A, with larger values enhancing 
stability at the cost of accuracy (ANSYS, Inc., 2024).

2.1.2. Reaction mechanisms
Hydrogen combustion involves intermediate species, or radicals, 

that are first generated through initiating reactions (mainly from No. 10 
in Table  1). These radicals (OH, H, O, HO2, H2O2) propagate the chain 
reactions and recombine to form stable products, like H2O, releasing 
energy that sustains the detonation (Warnatz et al., 1996).

Reaction rates are governed by temperature-dependent Arrhenius 
kinetics, being strongly coupled with fluid flow. For each reaction 𝑗, 
the forward rate constant is defined as (Poinsot and Veynante, 2005): 

𝐾𝑓,𝑗 = 𝐴𝑗 𝑇
𝛽𝑗 exp

(

−
𝐸𝑗

𝑅𝑇

)

(2)

where 𝐴𝑗 , 𝛽𝑗 , and 𝐸𝑗 are the Arrhenius pre-exponential factor, temper-
ature exponent, and activation energy, respectively; 𝑅 is the universal 
gas constant and 𝑇  is the temperature. The net species production rate 
𝜔̇𝑘 is computed by summing the contributions of all 𝑀 reactions: 

𝜔̇𝑘 = 𝑊𝑘

𝑀
∑

𝑗=1
(𝜈′′𝑘𝑗 − 𝜈′𝑘𝑗 )𝑗 (3a)

𝑗 = 𝐾𝑓,𝑗

𝑁
∏

𝑘=1
[𝑋𝑘]

𝜈′𝑘𝑗 −𝐾𝑟,𝑗

𝑁
∏

𝑘=1
[𝑋𝑘]

𝜈′′𝑘𝑗 (3b)

 with 𝑊𝑘 being the molecular weight of species 𝑘; [𝑋𝑘] the molar 
concentration; and 𝜈′𝑘𝑗 , 𝜈′′𝑘𝑗 the forward and reverse stoichiometric 
coefficients. The production rate 𝜔̇𝑘 is the source term in Eq. (1d). 
Its evaluation requires a predefined reaction mechanism, including 𝑁
species, 𝑀 reactions, and their kinetic parameters. These are given to 
LS-DYNA in the CHEMKIN format.

Olm et al. (2014) assessed the performance of 19 hydrogen reaction 
mechanisms against shock-tube data over a wide range of conditions 
relevant to detonations. More recent work by Huang et al. (2025) 
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Table 1
H2-air Kéromnès mechanism with 10b species and 19 reactions (complete description with third-body efficiencies and falloff 
reactions in Kéromnès et al., 2013). Units: cm3/mol/s/cal.
 No. Reaction 𝐴 𝛽 𝐸  
 1a H + O2 = O + OH 1.040E+14 0.00 1.529E+4  
 2a O + H2 = H + OH 5.080E+04 2.67 6.292E+3  
 3a OH + H2 = H + H2O 4.380E+13 0.00 6.990E+3  
 4a O + H2O = OH + OH 2.970E+06 2.02 1.340E+4  
 5a H2 + M = H + H + M 4.577E+19 −1.40 1.044E+5  
 6a O + O + M = O2 + M 6.165E+15 −0.50 0.00  
 7a O + H + M = OH + M 4.714E+18 −1.00 0.00  
 8a H + OH + M = H2O + M 3.500E+22 −2.00 0.00  
 9 H + O2 (+M) = HO2 (+M) 4.650E+12 0.44 0.00  
 10 H2 + O2 = H + HO2 5.176E+05 2.43 5.350E+4  
 11 HO2 + H = OH + OH 7.079E+13 0.00 2.950E+02 
 12 HO2 + O = OH + O2 3.250E+13 0.00 0.00  
 13 HO2 + OH = H2O + O2 2.456E+13 0.00 −4.970E+2 
 14a HO2 + HO2 = H2O2 + O2 1.300E+11 0.00 −1.630E+3 
 14b HO2 + HO2 = H2O2 + O2 3.658E+14 0.00 1.200E+4  
 15 H2O2 (+M) = OH + OH (+M) 2.000E+12 0.90 4.875E+4  
 16 H2O2 + H = H2O + OH 2.410E+13 0.00 3.970E+3  
 17 H2O2 + H = H2 + HO2 2.150E+10 1.00 6.000E+3  
 18 H2O2 + O = OH + HO2 9.550E+06 2.00 3.970E+3  
 19a H2O2 + OH = H2O + HO2 1.740E+12 0.00 3.180E+2  
 19b H2O2 + OH = H2O + HO2 7.590E+13 0.00 7.269E+3  
a The first 8 reactions and 7 species, with different coefficients, correspond to the Evans et al. mechanism (Evans and Schexnayder, 1980).
b 10 species: H, O, OH, H2, O2, H2O, N2 (bath gas), HO2, H2O2, Ar (third body).
presented combined reaction mechanisms that include nitrogen chem-
istry and evaluated them based on dynamic detonation parameters 
and ignition delay times, while Sankar et al. (2025) analysed four 
mechanisms with focus on detonation cell size.

In the present study, two detailed hydrogen–air mechanisms are 
selected. The mechanism from Kéromnès et al. (2013) (Table  1), with 
10 species and 19 reactions, is selected for computing the ZND solution 
since it performed the best in the comparative study by Olm et al. 
(2014). GRI-Mech 3.0 (Smith et al., 1999), with 19 species and 70 
reactions, includes additional NOx chemistry. Both mechanisms include 
falloff reactions. Hydrocarbon species, irrelevant to the present study, 
are excluded.

To decrease computational cost, since each species requires solving 
an additional mass equation (Eq. (1d)), two reduced mechanisms ap-
plicable to supersonic hydrogen flames are also considered. The first, 
by Evans and Schexnayder (1980) (Table  B.4 in Appendix  B), includes 
7 species and 8 reactions. The second, by Drummond et al. (1986) 
(Table  B.5 in Appendix  B), includes 7 reactions. Both omit HO2 and 
H2O2, which are primarily relevant at low temperatures (Evans and 
Schexnayder, 1980).

In the reduced mechanisms, air is assumed to be a binary O2-N2
mixture, while the detailed mechanisms also include Ar. Nitrogen is 
treated as inert, except in GRI-Mech 3.0, where it participates in NOx
formation. Table  1 summarises the detailed Kéromnès mechanism, used 
as a reference. The first 8 reactions are similar to the Evans mechanism, 
but with different coefficients.

2.1.3. Thermodynamic properties
Under the ideal gas assumption, the internal energy 𝑒 (appearing in 

Eq. (1c)) depends only on the temperature and is related to the heat 
capacity of each species at constant pressure, 𝐶𝑝𝑘(𝑇 ).

The heat capacity 𝐶𝑝𝑘(𝑇 ) is expressed using the NASA-polynomial 
form, which fits data over a wide temperature range using two separate 
intervals (200–1000 K and 1000–6000 K) (Mcbride et al., 1993). Each 
range is described by 7 coefficients 𝑎𝑛𝑘: with the first five directly 
defining 𝐶𝑝𝑘 as per Eq. (4); whereas the remaining two are used to 
compute species enthalpy and entropy. 
𝐶𝑝𝑘

𝑅
= 𝑎1𝑘+𝑎2𝑘𝑇 +𝑎3𝑘𝑇 2+𝑎4𝑘𝑇 3+𝑎5𝑘𝑇 4 (4)

All coefficients (listed in Appendix  C) are sourced from the Explo-
sion Dynamics Laboratory (Browne et al., 2024), which was adapted 
4 
from NASA Glenn thermodynamic reports (Mcbride et al., 1993). These 
are also given to LS-DYNA in the CHEMKIN format.

2.2. Reproducing a confined hydrogen detonation experiment

To validate the CESE-chemistry method in a more complex scenario, 
we reproduce a hydrogen detonation experiment conducted by Rudy 
et al. (2017). The experimental setup consisted of a closed chamber 
with an acceleration section (0.11 m × 0.11 m × 1 m) filled with an H2-
air mixture, followed by a test section (0.11 m × 0.075/0.085 m × 2 m). 
The test section contained air on the lower half (blue region in Fig.  3) 
and H2-air mixture on the upper half (red region), separated by a thin 
membrane.

In the experiment, ignition occurred at the left end of the chamber. 
The detonation wave travelled through a 0.35 m turbulence generator 
that induces a deflagration-to-detonation transition (DDT), and contin-
ued through the remainder of the acceleration section. By the time 
it entered the test section, the detonation was fully developed (Rudy 
et al., 2017).

Five high-frequency pressure sensors (PS1 to PS5) were installed 
along the upper wall at distances L = 0.74, 1.17, 1.65, 2.13, and 2.60 m 
from the ignition point. These sensors recorded pressure–time histories, 
which are used to compare with numerical results. Measurements were 
conducted for three mixture compositions: 25 vol% (lean), 29.6 vol% 
(stoichiometric), and 40 vol% (rich) of H2.

2.2.1. Numerical model setup
The detonation chamber, shown in Fig.  3, is modelled as a 2D 

planar geometry, assuming inviscid flow and slip boundary conditions, 
similar to the shock tube simulations. These simplifications significantly 
reduce computational cost, enabling full-scale simulations. The mesh 
size and reaction mechanism are later selected based on the results in 
Section 3.1.

Direct ignition is triggered at the yellow region in Fig.  3, as de-
scribed already in Section 2.1. Shortly after, a self-sustained, planar 
detonation wave is formed. Since DDT is bypassed in the model, the 
acceleration section length was shortened to 0.7 m (instead of 1 m) 
to calibrate the impulse history at PS1. This was achieved by running 
simulations with a 0.6–0.8 m section and calculating the impulse error 
with respect to the stoichiometric experiment. With 0.7 m, this error is 
below 1%, increasing to 6% for 0.6 m and 8% for 0.8 m.
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Fig. 3. LS-DYNA model of the detonation chamber, showing the acceleration and test sections (not at scale).
The initial conditions are set to 𝑃0 = 1 bar and 𝑇0 = 298 K 
throughout the domain (except in the ignition zone), with varying H2-
air compositions (25, 29.6, and 40 vol% of H2). A thin membrane 
(0.1 mm), modelled with shell elements and a soft material, is in-
cluded between the air and H2-air regions to prevent mixing. When 
the membrane elements reach a maximum pressure 𝑃𝑚𝑎𝑥 = 0.2 MPa 
(in compression), upon the arrival of the detonation front, they are 
deleted without influencing the flow. This failure criterion is defined 
in LS-DYNA using the ‘‘MAT_ADD_EROSION’’ keyword.

3. Results and discussion

3.1. Shock tube

This section compares the shock tube simulation results with the 
ZND solution, focusing on the detonation front. The objective is to un-
derstand how accurately the CESE-chemistry method captures key one-
dimensional detonation features under varying reaction mechanisms 
and initial conditions.

Time–history data, from the CESE model, is extracted at 0.9 m 
along the tube. The Chapman–Jouguet (CJ) point – representing the 
equilibrium state – was defined 10 μs after the shock arrival, when the 
rate of change in pressure (𝑑𝑃∕𝑑𝑡) is below 1% of the maximum rate 
(𝑑𝑃∕𝑑𝑡)max, for all tested compositions. Temperature stabilises earlier 
than pressure.

The specific impulse 𝐼 is the integral of the overpressure, i.e. ∫ (𝑃 −
𝑃0) 𝑑𝑡.

3.1.1. Reaction mechanisms comparison
Fig.  4 presents the temperature (𝑇 ), pressure (𝑃 ), specific im-

pulse (𝐼), and species mass fractions (𝑌 ) across the detonation front, 
using both detailed (Kéromnès, GRI-Mech 3.0) and reduced (Evans, 
Drummond) mechanisms.

In the ZND results (black line), a shock wave travelling at 𝑉𝐶𝐽 =
1972 m∕s instantaneously compresses the unreacted gases to 𝑃𝑣𝑁 =
2.77 MPa and 𝑇𝑣𝑁 = 1543 K. After a short induction time (𝛥𝑡 = 0.54 μs), 
exothermic reactions release energy and raise the temperature further, 
while pressure decreases due to expansion. This coincides with the peak 
OH formation in Fig.  4(c). At the equilibrium CJ state, pressure and 
temperature are 𝑃𝐶𝐽 = 1.55 MPa and 𝑇𝐶𝐽 = 2961 K, respectively.

Note that this is a solution of the detonation front only, with no 
consideration for the trailing Taylor–Zeldovich expansion wave, which 
would decrease both 𝑃  and 𝑇  beyond the CJ point (Browne et al., 
2024).

The CESE-chemistry simulations reproduce the ZND trends well. 
Both detailed and reduced mechanisms yield similar results under 
stoichiometric conditions, with only minor deviations in OH formation 
for GRI-Mech 3.0 (Fig.  4(c)). Predicted values of 𝑉𝐶𝐽  (1983–1990 m/s), 
𝑇𝐶𝐽 , and 𝑃𝐶𝐽  match the ZND solution within 1%–2% error (Fig.  5). 
However, peak pressure 𝑃𝑣𝑁  is under-predicted by 8%–12%, mainly 
due to mesh resolution limitations, as discussed further in Section 3.1.3.

Specific impulse 𝐼 is a critical parameter in structural blast load-
ing (Hetherington and Smith, 2014). At 10 μs after the shock, the CESE 
solution yields an impulse 3%–4% below the ZND result (Fig.  5). That 
is because the CESE solutions do not exhibit a well-defined induction 
zone. Exothermic reactions begin immediately after the shock, as shown 
5 
Fig. 4. Comparison between CESE and ZND detonation front solutions using 
several reaction mechanisms. Stoichiometric H2-air mixture at 𝑃0 = 1 bar, 𝑇0
= 300 K.

by the significant presence of H2O at 𝑡 = 0 μs (Fig.  4(c)). This premature 
energy release prevents the pressure and temperature from remaining 
constant during the shock-compressed von Neumann (vN) state, leading 
to an underestimated impulse in this region.

The induction length, defined as the distance between the shock 
front and the point of maximum temperature gradient in the ZND 
solution, is 𝛥𝑖=0.2 mm under stoichiometric conditions. Several points 
are required along the induction zone to capture it correctly (Sharpe, 
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Fig. 5. Errors relative to the ZND solution vs. the number of species, and 
respective computational time.

2001). Such fine resolution is computationally prohibitive in large 
simulations, leaving the induction zone unresolved, which reflects on 
an artificially premature ignition. Note that the smallest step used by 
the ZND solver was 2 μm.

As shown in Fig.  5, CESE computational cost increases with the 
square of the number of species, consistent with Im (2018). Reduced 
mechanisms (Evans and Drummond), each using 7 species, are approx-
imately 2 to 8 times faster than the detailed mechanisms (Kéromnès 
and GRI-Mech 3.0, respectively). Given their computational efficiency 
and comparable accuracy in reproducing 1D detonation characteristics, 
these reduced mechanisms are well-suited for larger simulations.

3.1.2. Effect of initial composition
To evaluate how the CESE-chemistry method captures detonation 

properties across different mixture compositions, simulations were per-
formed with H2 concentrations ranging from 20–55 vol% – within 
the detonability limits. Both reduced (Evans) and detailed (Kéromnès) 
mechanisms were tested under initial conditions of 𝑃0 = 1 bar and 
𝑇0 = 300 K. The resulting CJ temperature, speed, pressure, and impulse 
are shown in Fig.  6.

While 𝑇𝐶𝐽  remains constant (within 0.2%), 𝑃𝐶𝐽  is more sensitive 
to the selection of the CJ point (at 10 μs), varying about 2% between 
10 ± 2 μs. This sensitivity is shown by the shadowed region in Fig.  6(b).

As expected, 𝑇𝐶𝐽 , 𝑃𝐶𝐽 , and impulse 𝐼 peak near the stoichiometric 
ratio, where the chemical energy release is maximised, and decrease 
for leaner or richer mixtures. Meanwhile, the detonation speed 𝑉𝐶𝐽
increases monotonically with H2 concentration due to a lower average 
molecular weight and thus higher sound speed behind the wave (Lee 
and Kim, 1999). The CESE method, using both mechanisms, captures 
these trends well.

Up to 40 vol% H2, the predicted 𝑉𝐶𝐽  remains close to the theoretical 
value (within 1% error). Beyond this point, the reduced mechanism 
significantly overestimates the detonation speed (≈ 3%). Similarly, 𝑇𝐶𝐽
is overpredicted at high H2 concentrations by both mechanisms, with 
more pronounced errors (up to 6%) for the reduced model above 40 
vol%.

𝑃𝐶𝐽  is generally well predicted, with small discrepancies arising 
from the arbitrary selection of the CJ point at 10 μs, since the deto-
nation products continuously expand after that.

Impulse 𝐼 is consistently underestimated due to the unresolved 
induction zone, as discussed in Section 3.1.1. This underestimation 
becomes more pronounced near the detonability limits (13% error), 
where induction times are longer. Consequently, for applications re-
quiring accurate impulse predictions, particularly in structural analy-
sis, the CESE method with a relatively coarse mesh is best suited to 
mixtures within the 25–40 vol% of H  range.
2
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Fig. 6. CJ properties (after 10 μs) vs. initial H2 concentration. 𝑃0 = 1 bar, 𝑇0
= 300 K.

3.1.3. Effect of mesh size
The mesh size, ℎ, significantly influences the accuracy of CESE 

predictions. To evaluate this effect, simulations were performed using 
the reduced mechanism (Evans and Schexnayder, 1980), fixed initial 
conditions, and a structured mesh with a resolution from 2.0 mm to 
0.2 mm. 7(a) compares the predicted pressure and specific impulse pro-
files against the ZND solution, while Fig.  7(b) shows the corresponding 
errors and computational time.

The CJ properties – 𝑃𝐶𝐽 , 𝑇𝐶𝐽 , and 𝑉𝐶𝐽  – are relatively insensitive 
to mesh resolution, remaining within 3% error. Only 𝑉𝐶𝐽  increases 
slightly with a coarser mesh. This is expected, as these values corre-
spond to a thermodynamic equilibrium state derived from the Rankine–
Hugoniot conditions and do not depend on transient aspects affected by 
mesh resolution.

In contrast, peak pressure, 𝑃𝑣𝑁 , is strongly affected by mesh size. 
The vN state represents a discontinuous shock-compressed region, 
which requires an extremely fine mesh to be fully resolved. Coarser 
meshes tend to smear the shock front, leading to a reduced 𝑃𝑣𝑁 , with 
errors reaching up to 23% for a 2 mm mesh.

Impulse errors remain below 5% at stoichiometric conditions
(Fig.  7(b)). Interestingly, this error does not decrease with mesh refine-
ment (within ℎ = 0.2–2 mm). A finer mesh, while better resolving the 
shock front, leads to earlier ignition due to the unresolved induction 
zone, causing the pressure to decay prematurely and reducing the total 
impulse. Conversely, coarser meshes artificially extend the reaction 
zone and peak pressure duration, which increases impulse and partially 
compensates for the missing induction zone.

Despite being a numerical artefact, this effect can be exploited: 
coarser meshes in the range of 1–2 mm yield more accurate impulse 
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Table 2
Summary of validation results showing average detonation properties over the test section and respective errors.
 Variable 25% H2 29.6% H2 40% H2
 Exp. Sim. Err. % Exp. Sim. Err. % Exp. Sim. Err. % 
 𝑃1peak [MPa] 2.63 1.70 35.6 3.10 1.70 45.0 2.57 1.69 34.3  
 𝑃2peak [MPa] 1.57 1.18 25.3 1.44 1.15 20.4 1.59 1.19 25.1  
 𝑃𝑄𝑆 [MPa] 0.48 0.48 0.4 0.52 0.51 2.1 0.50 0.51 1.1  
 𝐼1 [Pa s] 46.3 42.3 8.7 45.6 37.3 18.1 43.0 37.0 14.0  
 𝐼2 [Pa s] 45.9 48.3 5.2 42.4 46.6 9.9 43.4 47.8 10.1  
 𝑉  [m/s] 1795 1794 0.1 1890 1882 0.4 1992 2028 1.8  
Fig. 7. Comparison between CESE and ZND detonation front solutions for 
meshes with 2–0.2 mm. Obtained using Evans reduced mechanism at stoichio-
metric conditions and 𝑃0 = 1 bar, 𝑇0 = 300 K.

predictions, while compromising 𝑃𝑣𝑁 , a less critical parameter for 
structural loading (see Section 3.2.1).

The simulations were performed using MPI parallelisation on 40 
Intel Xeon E5-2640 (2.4 GHz) CPU cores, with a total physical runtime 
of 0.6 ms. Assuming a constant Courant number, 𝐶𝐶𝐹𝐿, the explicit time 
step is approximately 𝛥𝑡 = 𝐶𝐶𝐹𝐿 × ℎ∕𝑉𝐶𝐽 . The number of time steps is 
inversely proportional to the step size, 𝑁𝑠𝑡𝑒𝑝𝑠 ∝ 𝛥𝑡−1 ∝ ℎ−1. On the 
other hand, the computational time per time step scales with the total 
number of cells in the mesh, which, for a 2D domain, is 𝑁𝑐𝑒𝑙𝑙𝑠 ∝ ℎ−2. 
Therefore, the total computational time is 𝑡𝑐𝑜𝑚𝑝 ∝ 𝑁𝑠𝑡𝑒𝑝𝑠 ×𝑁𝑐𝑒𝑙𝑙𝑠 ∝ ℎ−3. 
Fig.  7(b) shows that 𝑡𝑐𝑜𝑚𝑝 = 0.978ℎ−3 correctly fits the computational 
time. Extrapolating this for a mesh size of ℎ = 2 μm, corresponding to 
the smallest step size taken by the ZND solver to resolve the induction 
zone, yields an estimated computational time of 230 years.
7 
Fig. 8. Pressure contours obtained for 29.6 vol% H2 in the test section.

3.2. Validation against experiment

Building on the previous results, the CESE-chemistry model, de-
scribed in Section 2.2, is now validated against a full-scale detonation 
experiment by Rudy et al. (2017).

To balance accuracy and computational cost, the 7-species reduced 
mechanism by Evans and Schexnayder (1980) is used with a structured 
mesh of 1 mm. As shown in Section 3.1, this setup accurately predicts 
key detonation front properties (except for 𝑃𝑣𝑁 ) within the 25–40 vol% 
H2 range of the experiment.

Simulations were run on 12 CPUs using shared-memory paralleli-
sation, requiring 28–29 h to simulate 1.5 ms of physical time. This 
confirms that full-scale detonation modelling with the CESE-chemistry 
method is feasible with adequate computational resources. Around 
90% of the computational cost was attributed to the chemistry solver, 
highlighting the importance of using reduced reaction mechanisms 
whenever possible.

Fig.  8 shows the detonation pressure contours in the test section, 
near PS5 location. The detonation front propagates along the H2-air 
upper channel, while its combustion products expand into the air-
only region below. The downward shock reflects off the lower wall, 
creating a second pressure pulse at the upper wall, followed by weaker 
reflections until the pressure stabilises. The three pressure pulses are 
labelled 𝑃 1, 𝑃 2, and 𝑃 3. The quasi-static pressure, 𝑃𝑄𝑆 , refers to the 
pressure of the expanded gas behind the three main pulses, which 
becomes approximately constant.

Fig.  9 compares the simulated (Sim.) and experimental (Exp.) pres-
sure histories at sensor locations PS1 through PS5, for 25, 29.6, and 
40 vol% H2. Specific impulse histories are shown in Fig.  10. 𝑃 3 is 
a smaller, smoother pulse, and it is not clearly distinguishable in all 
sensors or in the experimental data. Therefore, the analysis focuses on 
𝑃 1 and 𝑃 2, labelled on the PS3 time–history for reference.

To facilitate comparison, the simulation time is shifted by 0.24, 
0.23, 0.21 ms, and the experimental time by 0.19, 0.09, 0.08 ms 
(respectively for 25, 29.6, and 40 vol%). This way, the detonation 
arrival at PS1 is synchronised with 𝑡 = 0 ms.

Overall, the simulation shows good agreement with experimental 
results. The model captures the fast pressure drop caused by expansion 
into the air region and the three main pulses observed in PS3-PS5. 
Pressure histories at PS1 and PS2 differ from the other sensors, as 
expected, because they are located in the acceleration section and the 
transition to the test section.
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Fig. 9. Comparison between experimental and simulation pressure history at 
PS1-PS5 sensors, for 25, 29.6 and 40 vol% H2. Data synchronised at PS1.

The shorter acceleration section in the model (0.7 m) causes pres-
sure at PS1 to stabilise at a higher value relative to the experiment (see 
Fig.  9). Nevertheless, the results in the test section (PS2-PS5) are less 
sensitive to this length. When changing to 0.6 m or 0.8 m, the average 
impulse and peak pressure vary less than 0.9% for pulse P1 and 2.7% 
for pulse P2, with respect to the 0.7 m section. The detonation speed 
also varies slightly (0.4%).

Table  2 summarises the peak pressures (𝑃1peak, 𝑃2peak) and im-
pulses (𝐼1, 𝐼2) for the first and second pulses (𝑃1, 𝑃2), along with their 
errors relative to experimental data. Impulse 𝐼1 is measured from the 
first to the second pressure peak, while 𝐼2 is integrated over 0.06 ms 
following the second peak (see Fig.  10(a)) since the end of 𝑃 2 is not 
always clear in the experimental data. Results are averaged over sensors 
PS3-PS5, where both pulses are clearly identifiable. The quasi-static 
pressure 𝑃𝑄𝑆 is defined as the mean pressure at PS2 and PS3 for 𝑡 >
1.1 ms. The detonation speed 𝑉  is the average over the test section.

The quasi-static pressure, 𝑃𝑄𝑆 ≈ 0.5 MPa, is within 2.1% error for 
all cases. The simulation also accurately captures the pressure decay 
8 
Fig. 10. Comparison between experimental and simulation specific impulse 
history at PS1-PS5 sensors, for 25, 29.6 and 40 vol% H2. Data synchronised 
at PS1.

following the primary pulses, indicating a reliable representation of the 
expanding combustion products.

Predicted detonation speeds match experimental values closely, 
with a maximum error of 1.8% at 40 vol% H2, consistent with the 
overprediction observed in one-dimension (Fig.  6). This small discrep-
ancy leads to a time shift in the simulations, where the detonation front 
arrives slightly earlier than in the experimental measurements.

Both measured and simulated speeds are 3%–5% below the theo-
retical 𝑉𝐶𝐽 = 1972 m∕s, due to the detonation products expansion into 
the air region – a phenomenon correctly captured by the model and in 
agreement with Rudy et al. (2017).

Because of that, detonation slows down from the acceleration sec-
tion to the test section, causing the peak pressure 𝑃 1peak to also 
decrease from PS1 to PS2 in the simulation results (Fig.  9). However, 
the measured 𝑃1peak values are much larger than predicted by the 
model, occasionally exceeding 𝑃𝑣𝑁 , and show significant variability.

The larger 𝑃 1peak values are attributed to the complex 3D deto-
nation cell structure, where the intersections between transverse and 
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leading shocks form triple points, producing local pressure spikes well 
above 𝑃𝑣𝑁 , as concluded by Smirnov et al. (2024). These fluctuations 
are evident in the close-up view of Fig.  9(b). When averaged over 
the cross-section, pressure fluctuations reduce and approach the ZND 
prediction (Smirnov et al., 2024).

The boundary layer can also increase the peak pressure value near 
the wall, due to the no-slip condition (Chinnayya et al., 2013). While 
this effect is localised, it affects the experimental data since the sensors 
are placed flush to the wall.

The present model assumes a planar detonation front, slip condi-
tions, and does not resolve cellular structure. Combined with shock 
smearing caused by the coarse mesh (Fig.  7(a)), these simplifications 
lead to significant underprediction of 𝑃 1peak and 𝑃2peak.

Resolving the cellular structure requires substantially finer resolu-
tion than used here. Sharpe (2001) recommends at least 20 points per 
induction length, while recent studies often employ 40–50 points/𝛥𝑖
(Weng et al., 2025; Sankar et al., 2025). With 𝛥𝑖=0.2 mm, obtained in 
Section 3.1.1, such resolution is computationally prohibitive for large 
simulations. Note that this would yield hundreds of points along a 
single detonation cell (with an average size of 𝜆 = 8 mm from Rudy 
et al. (2017)).

Impulse histories in Fig.  10 follow the experimental trends, aside 
from the consistent time shift. The arrival of each pressure pulse causes 
a sudden increase in impulse. Table  2 shows that 𝐼1 is underestimated 
by 8.7–18.1%, with the smallest error at 25 vol% H2. Several factors 
contribute to this. First, the predicted 𝑃 1 duration is shorter because 𝑃2
propagates faster and arrives earlier in the simulation, reducing 𝐼1 by 
about 5%. Second, the detonation front is a complex cellular structure 
with transverse waves, increasing the overall measured impulse relative 
to the planar wave model. A more representative comparison would 
average experimental pressures over a finite distance from the wall, 
but such data are not available. Third, the CESE method slightly 
underpredicts impulse compared to ZND (see Section 3.1.1), though 
this is a smaller effect.

The compressibility factor 𝑍 describes the deviation of a real gas 
from the ideal behaviour, for which 𝑍=1. At the CJ state (𝑃𝐶𝐽 = 1.55
MPa., 𝑇𝐶𝐽 = 2961 K), the compressibility is 𝑍=1.0007 and 𝑍=1.002 
for H2O and N2 (the major species after combustion), respectively (Bell 
et al., 2014). This corresponds to an error of less than 0.2% in pressure 
stemming from the ideal gas assumption, not enough to justify the 
impulse underprediction (in the order of 10%).

The second impulse 𝐼2 is predicted within 10% error for all cases 
and is also most accurate at 25 vol% H2. This confirms the model’s 
ability to capture not only the detonation front but also complex shock 
reflections within confined domains. The fact that 𝐼1 and 𝐼2 are of 
similar magnitude (Table  2) highlights the significant role of reflected 
shocks in structural loading from confined detonations.

3.2.1. Effect on structural deformation
While 𝑃𝑝𝑒𝑎𝑘 is often used as a measure of detonation strength, it is 

not the most relevant parameter in structural analysis. The duration, 
𝑡𝑑 , of pressure pulses caused by H2-air detonations is extremely short, 
in the order of 10−4 s (See Fig.  9). If 𝑡𝑑 is much smaller than the struc-
ture’s natural period, the peak pressure will decay before it deforms 
significantly (Hetherington and Smith, 2014).

This is called an impulsive loading regime, where the total impulse 
𝐼 – not the peak pressure – governs the mechanical response (Chung 
Kim Yuen et al., 2017; Hetherington and Smith, 2014). In this regime, 
the impulse imparts a sudden velocity to the structure (kinetic energy), 
which is then converted into deformation (strain energy). Therefore, an 
accurate prediction of impulse is more critical than resolving the peak 
pressure when evaluating blast-loaded structural response.

The final deformation of thin plates subjected to blast loads scales 
approximately linearly with the applied impulse, for a fixed geometry 
and material (Chung Kim Yuen et al., 2017). Thus, the relative error in 
9 
the predicted deformation is expected to be in the same order as the 
impulse.

In stoichiometric conditions, the experimental and predicted im-
pulses are 𝐼1𝑒𝑥𝑝 = 45.6 Pa s and 𝐼1𝑠𝑖𝑚 = 37.3 Pa s (from Table  2), 
corresponding to the larger error of 18.1%. Take, as an example, a 
circular stainless steel plate with 𝜌 = 8000 kg∕m3, 𝜎𝑦 = 215 MPa, 
𝑅 = 200 mm and 𝑡 = 1 mm (density, yield stress, radius and thickness). 
From Chung Kim Yuen et al. (2017), the blast-loaded plate would 
deform by 𝛿𝑒𝑥𝑝 = 3.3 mm and 𝛿𝑠𝑖𝑚 = 2.7 mm, a difference of 16.5%.

This simple analysis can help define the practical limitations of this 
methodology, given a requirement in deformation accuracy.

4. Conclusions

This study presented a methodology for predicting blast loads from 
hydrogen–air detonations with varying compositions, using the CESE-
chemistry solver in LS-DYNA. The model assumed a 2D geometry, 
planar wave front, inviscid flow, and finite-rate chemistry, employing 
four different reaction mechanisms.

As a first step, a long shock tube configuration was simulated to 
approximate one-dimensional conditions and compare the computed 
detonation front with the theoretical ZND solution. The key findings 
are:

1. Reduced (7 species) and detailed (10, 19 species) reaction mech-
anisms produced similar results near stoichiometric conditions. 
Computational time scales with the square of the number of 
species, so reduced mechanisms are significantly more efficient 
for large simulations.

2. One-dimensional detonation speed 𝑉𝐶𝐽 , pressure 𝑃𝐶𝐽 , and tem-
perature 𝑇𝐶𝐽  were predicted within 1%–2% accuracy up to 
40 vol% H2, beyond which the reduced mechanism begins to 
deviate.

3. Impulse at the detonation front is underpredicted (within 5%, in 
stoichiometric conditions) regardless of mesh refinement, due to 
the unresolved induction zone.

4. Coarse meshes (with 1–2 mm size) significantly smear the shock 
front, causing up to 23% error in peak pressure 𝑃𝑣𝑁 ; this error 
improves with finer resolution. On the contrary, the CJ state is 
relatively insensitive to mesh resolution.

5. The computational time scales with the inverse cube of the mesh 
size.

Building on the shock tube results, the 2D model was validated 
against a full-scale hydrogen–air detonation experiment in a 3-metre 
confined chamber, with H2 concentrations of 25, 29.6, and 40 vol%. 
For computational efficiency, the reduced mechanism with 7 species 
and a 1 mm mesh size was used. Direct ignition was employed to initi-
ate a planar detonation front, bypassing the deflagration-to-detonation 
transition (DDT) process. Comparison with experimental data showed:

1. Overall good agreement in pressure histories, including accu-
rate prediction of two main pressure pulses associated with the 
detonation front and wall reflections.

2. Detonation speed (which deviated from the theoretical 𝑉𝐶𝐽 ) and 
quasi-static pressure were predicted within 2% error across all 
cases.

3. The detonation cell structure was not captured due to the planar 
wave assumption and coarse mesh. This contributes to large 
peak pressure errors (up to 45%) and moderate impulse errors 
(up to 18%).

4. The second impulse is captured within 10% error, showing the 
model’s ability to predict shock wave reflections in confined 
environments.

5. While errors obtained for 29.6 vol% and 40 vol% are overall 
similar, the model performed particularly well at lean conditions 
(25 vol% H ).
2
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Table A.3
Effect of Courant–Friedrichs–Lew number 𝐶CFL and the relaxation parameter 𝜀 on results stability and accuracy. Obtained in 
stoichiometric conditions and 0.3 mm element size.
 Solver Parameters Errors % Obs.  
 𝜀 𝐶CFL 𝑃𝑣𝑁 𝑃𝐶𝐽 𝑇𝐶𝐽 𝑉𝐶𝐽  
 0.5 0.99 10.5 0.8 0.6 0.9 –  
 0.5 0.8 16.8 0.8 0.6 0.9 –  
 0.5 0.5 23.3 0.7 0.7 0.9 –  
 0.01 0.99 – – – – No convergence  
 0.1 0.99 29.5 1.6 0.5 0.7 Numerical oscillations 
 5 0.99 10.1 0.6 0.7 0.8 –  
 10 0.99 12.5 0.5 0.7 0.9 –  
Table B.4
H2-air mechanism by Evans et al. with 7a species and 8 reactions (Evans and Schexnayder, 1980). Units: cm3/mol/s/cal.
 No. Reaction 𝐴 𝛽 𝐸  
 1 H2 + M = H + H + Mb 5.5E+18 −1.00 1.033E+5 
 2 O2 + M = O+O+M 7.2E+18 −1.00 1.179E+5 
 3 H2O+M=OH+H+M 5.2E+21 −1.50 1.180E+5 
 4 OH+M=O+H+M 8.5E+18 −1.00 1.010E+5 
 5 H2O+O=OH+OH 5.8E+13 0.00 1.800E+4 
 6 H2O+H=OH+H2 8.4E+13 0.00 2.010E+4 
 7 O2+H=OH+O 2.2E+14 0.00 1.680E+4 
 8 H2+O=OH+H 7.5E+13 0.00 1.110E+4 
a 7 species: H, O, OH, H2, O2, H2O, N2 (bath gas).
b Three-body efficiencies: 𝜀H2

= 2.5, 𝜀H2O = 10.
Table B.5
H2-air mechanism by Drummond et al. with 7a species and 7 reactions (Drummond et al., 1986). Units: cm3/mol/s/cal.
 No. Reaction 𝐴 𝛽 𝐸  
 1 H2 + O2 = 2OH 1.70E+13 0.0 4.816E+04 
 2 H+O2= OH+O 1.42E+14 0.0 1.640E+04 
 3 OH+H2=H2O+H 3.16E+7 1.8 3.031E+03 
 4 O+H2=OH+H 2.07E+14 0.0 1.375E+04 
 5 2OH=H2O+O 5.5E+13 0.00 7.001E+03 
 6 H+OH+M=H2O+Mb 2.21E+22 −2.00 0.0  
 7 2H+M=H2+M 6.53E+17 −1.00 0.0  
a 7 species: H, O, OH, H2, O2, H2O, N2 (bath gas).
b Three-body efficiencies: 𝜀H2

= 2.5, 𝜀H2O = 10.
While this approach does not resolve the detonation cell structure, it 
accurately captures the key features relevant to blast load prediction. 
The methodology is therefore validated for hydrogen–air detonations 
across a range of concentrations, offering a practical and scalable tool 
for safety assessments in confined environments.
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Table C.6
Thermodynamic properties of species H2, H, O2, O, OH, H2O and N2 in NASA-polynomial format. Taken from the Explosion Dynamics Laboratory database, Calthec 
(Browne et al., 2024).
 Range 𝑎1 𝑎2 𝑎3 𝑎4 𝑎5 𝑎6 𝑎7  
 H2 200–1000 K 2.344 7.980E−3 −1.948E−5 2.016E−8 −7.376E−12 −9.179E+2 0.683  
 1000–6000 K 2.933 8.266E−4 −1.464E−7 1.541E−11 −6.888E−16 −8.131E+2 −1.024 
 H 200–1000 K 2.500 0 0 0 0 2.547E+4 −0.447 
 1000–6000 K 2.500 0 0 0 0 2.547E+4 −0.447 
 O2 200–1000 K 3.782 −2.997E−3 9.847E−6 −9.681E−9 3.244E−12 −1.064E+3 3.658  
 1000–6000 K 3.661 6.564E−4 −1.411E−7 2.058E−11 −1.299E−15 −1.216E+3 3.415  
 O 200–1000 K 3.168 −3.279E−3 6.643E−6 −6.128E−9 2.113E−12 2.912E+4 2.052  
 1000–6000 K 2.544 −2.732E−5 −4.190E−9 4.955E−12 −4.796E−16 2.923E+4 4.922  
 OH 200–1000 K 3.992 −2.401E−3 4.617E−6 −3.879E−9 1.363E−12 3.699E+3 −0.104 
 1000–6000 K 2.839 1.107E−3 −2.940E−7 4.207E−11 −2.423E−15 3.698E+3 5.845  
 H2O 200–1000 K 4.199 −2.036E−3 6.520E−6 −5.488E−9 1.772E−12 −3.029E+4 −0.849 
 1000–6000 K 10.743 2.973E−3 −7.738E−7 9.443E−11 −4.269E−15 −2.989E+4 6.883  
 N2 200–1000 K 3.531 −1.237E−4 −5.030E−7 2.435E−9 −1.409E−12 −1.047E+3 2.967  
 1000–6000 K 2.953 1.397E−3 −4.926E−7 7.860E−11 −4.608E−15 −9.239E+2 5.872  
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