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ABSTRACT

Experimental and numerical investigation of hydrogen-air and hydrogen-oxygen detonation
parameters were performed. A new detonation model was introduced and validated against the
experimental data. Experimental set-up consists of 9 m long tube with 0.17 m in diameter, where
pressure was measured with piezoelectric transducers located along the channel. Numerical
simulations were performed within OpenFoam code based on progress variable equation where the
detonative source term accounts for autoignition effects. Autoignition delay times were computed at a
simulation run-time with the use of a multivariate regression model, where independent variables are:
pressure, temperature and fuel concentration, dependent variable: autoignition delay time. Range of
the analysed gaseous mixture composition varied between 20% to 50% of hydrogen-air and 50% to
66% of hydrogen in oxygen. Simulations were performed using LES one-equation eddy viscosity
turbulence model in 2D and 3D. Calculations were validated against experimental data.

1.0 INTRODUCTION

Detonation is a dangerous combustion regime. In this phenomenon, a supersonic wave (coupled
reaction front with leading shock wave) propagates through a fresh mixture. Pressure and temperature
can rise significantly across detonation wave. The speed of the propagating detonation directly
depends on the compression rate across the wave, while rapid energy release supports the detonation.
Typical propagation velocities of detonations vary between 2500 to 7000 m/s [1]. The reaction zone
length for fuel-air mixtures is usually less than 10 mm, while for fuel-oxygen it is less than 0.1 mm
[2]. In many risk assessments, only deflagration is considered as a most probable scenario. However,
detonation is a menace, taking into consideration the fact, that hydrogen detonation limits are very
wide (18.3% to 59% for hydrogen-air, 15% to 90% for hydrogen-oxygen). The structure of a
detonation wave is multi-dimensional, where Mach stems, transverse waves and incident shocks
collide with each other forming triple points and creating detonation cells. The size of the cells
depends on the mixture composition. The Zeldovich, von Neumann and Déring (ZND) theory states,
that the detonation wave is one-dimensional and consists of a precursor shock and a combustion zone.
Fresh mixture is compressed adiabatically by von Neumann shock wave. It reaches the autoignition
temperature and reacts in the reaction zone, which follows immediately after the shock ends when the
Chapman-Jouguet condition is reached (Mach number M = 1) [3]. Detonation wave thickness is a
distance from the beginning of the shock wave to the end of the reaction zone. Behind the reaction
zone, the pressure drops down in the expansion fan. This expansion pushes the combustion products
away from the detonation, which produces a force which supports propagation of the detonation wave.
One-dimensional form of detonation is not observed in experiments. Instead, it is a three-dimensional
and unstable structure. Nevertheless, models based on the ZND theory are frequently used to validate
detailed chemical mechanisms. The reaction length defined by the ZND theory often finds its use in
calculations of the detonation characteristic cell sizes [4].

In this work an experimental investigation of hydrogen — air and hydrogen — oxygen detonation in a
9 m long tube with inner diameter 0.17 m is presented. The main aim of this work was to introduce a



new detonation model and describe measured distribution of the detonation cell size for wide range of
hydrogen — oxidant composition.

2.0 EXPERIMENTS AND SETUP

Experiments were conducted in a 9 m long detonation tube with 0.17 m of inner diameter. The
combustion was initiated with the use of a spark plug located at the beginning of a 0.6 m long
turbulence generator (made of multiple layers of metal mesh), where the transition to detonation were
taking place (approximately 0.5 m from the ignition point for all mixtures). The purpose of the
experiments was to acquire pressure profiles, detonation velocity and the distribution of the
characteristic cell sizes for specific mixture composition. Nine piezoelectric sensors were used to
measure pressure. The flame occurrence was tracked with nine photodiodes. Pressure sensors and
photodiodes were placed in pairs. The first pair 0.5 m from the beginning of the tube, and every next
pair at respectively: 1.5m, 2.5 m, 3.5 m, 4.5m, 5.5 m, 6.5 m, 7.5 m and 8.5 m. In order to measure the
characteristic cell sizes, a metal sheet covered with soot was used. It was placed at the end of the tube,
and the cells were measured with a caliper. All mixtures were prepared using the partial pressures
method the day before the experiment. Experiments were conducted under pressure of 1 bar and the
temperature 25°C. Mixtures in the range of 15 to 60% of hydrogen in air and 15 to 90% of hydrogen
in oxygen were investigated. In this work only selected concentrations are presented.

3.0 NUMERICAL ANALYSIS AND MODELING

3.1 Solver

Numerical simulations were conducted in OpenFoam 2.1.1 [5] software using ddtFoam solver and
Large Eddy Simulation (LES) turbulence model [6]. The ddtFoam library [7] solves the unsteady and
compressible Navier-Stokes equations density based. Convective terms are solved using the HLLC
Riemann scheme [8] with multidimensional limiter [5], which allows for more accurate capturing of
discontinuities than standard schemes. Combustion is characterized by a progress variable ¢, where:
¢ = 1 - burned mixture, ¢ = 0 - unburned mixture. The transport equation of c is as follows:
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where: c - combustion progress variable; D — effective diffusion coefficient; p — density; ®cdef , Wc,ign -
deflagration and detonation source terms; u; - j-th element of velocity; x; — j-th space coordinate; ~-

Reynolds averaging; ~ - Favre averaging.

The right hand side of the equation (1) presents two source terms which account respectively for
deflagration and detonation. The deflagration source term is based on the Weller deflagration model
with an additional flame quenching [9]. The detonation source term is based on the model of
autoignition delay time described in the section 3.3.

3.2 Numerical model

Numerical investigation was conducted within two calculation domains: 2D and 3D. The 2D geometry
had the dimensions of 9 m x 0.170 m. Mesh was orthogonal and structural, and contained 382 500
hexahedral cells. The 3D mesh consisted of 2 520 000 hexahedral cells with an average dimensions of
about 4.5x4.5x4.5 mm. Simulations were conducted for 20%, 30% and 50% of hydrogen in air, as well
as 50% and 66% of hydrogen in oxygen. 3D simulations were performed only for stoichiometric
concentrations of hydrogen-air (30%), and hydrogen-oxygen (66%) mixtures in order to verify results.
Numerical simulations were validated against experimental data.



3.3 Ignition time delay model

Ignition delay time model is based on multivariate regression analysis [10,11]. Data for model training
was obtained using Cantera code [12] with the h2air_highT [13] (hydrogen-air) and h202_highT
mechanism [14] (hydrogen-oxygen), which are the derivatives from the GRI30 mechanism [15]. This
mechanism showed good agreement with experimentally obtained ignition delay times of hydrogen-air
and hydrogen-oxygen mixtures [16,17]. The following quantities were chosen as independent
variables: p — pressure, Tu — temperature of the unburned mixture, fH — unburned hydrogen mass
fraction. The ranges of these parameters used for data generation were as follows: pressure 0.1-150
bar, temperature 800-4500 K, hydrogen volumetric fraction 4%-75% (H--air) and 4%-94% (H»-O,).
These features produced two matrices with approximately 16 000 rows. The dependent variable was
log(tig) — the logarithm of the autoignition delay time. In the regression 2", 3" and 4™ degree
polynomials were used. A five-fold cross-validation was done in order to obtain the best results,
independent of the selection of train and test data. After the analysis, the 3™ degree polynomial was
chosen to give the best results. The following formula (2) was used:

log(tign):C0+Cl-fH+C2-ﬂ—12+C3-ﬂ—13+C4-p+C5-p2+C6-p3+C7-Tu+C8-Tu2+C9-Tu3
+C10-ﬂLI-p+CH-fH-Tu+C12-p-Tu+C13-sz-p+C14-sz-Tu+C15-p2-ﬂLI+C16-p2-Tu ’ @)
+C17-Tu2-fH+C18-Tu2-p+C19-fH-p-Tu

where the parameters for both mixtures are presented in the table 1. The r-squared parameter for the
both formulas was around 0.88.

Table 1. Coefficients of the regression equation

Coefficient Hydrogen - air Hydrogen - oxygen
Co 5.683 6.311
C 1.594 -11.675
G 16.645 22.452
GCs -55.85 -13.595
Cy -2.667e-07 -1.773-07
GCs 4.189e-14 4.565e-14
Cs -1.113e-21 -1.326e-21
C; -1.137e-02 -1.23e-02
Cs 3.603e-06 3.923e-06
Gy -3.975e-10 -4.306e-10
Cio -1.714e-07 -3.134e-07
Cu -1.194e-03 5.69e-03
Cu -1.142e-10 -1.865e-10
Cis 3.42e-07 3.001e-07
Cu -6.158e-04 -4.66e-03
Cis -5.549e-15 2.211e-15
Cis -4.119e-18 -3.716e-18
Cy 5.387e-08 -6.205e-07
Cis 3.658e-14 4.726e-14
Cuo 7.994e-11 4.196e-11




4.0 RESULTS AND DISCUSSION

4.1 Experiments

Data gathered from the experiments were postprocessed and presented in fig. 1 for hydrogen-air (20%
and 30% concentrations), and fig. 2 for hydrogen-oxygen mixtures (50% and 66% concentrations).
Pressure varied between 20 - 40 bar for the hydrogen-air mixtures, with one exception for the 30%
mixture in fig. 1, where pressure rose above 50 bar. For hydrogen-oxygen mixtures it was 20 to 30 bar
with one exception of approx. 34 bar. Measured velocities for hydrogen-air and hydrogen-oxygen
mixtures are compared with the theoretical Chapman-Jouguet [4] velocity (computed using
SDToolbox [18]) in fig. 3. It can be seen, that the velocities for both mixtures were very close to the
CJ speed (+/- 20 m/s). Characteristic cell sizes for both mixtures are presented in fig. 4. The
measurements were done using slide caliper with a 5-10™ m accuracy. For each concentration of
hydrogen in both mixtures 100 readings were done. Boxes represent quartiles (25%) of the data
(second and third quartile). Middle line shows the mean value. Lines extending vertically from the
boxes (whiskers) indicate variability outside the upper and lower quartiles. It can be seen that
detonation cells have normal distribution, but in each case some outliers are present (black dots). It can
be noticed, that the characteristic cell sizes for H,-O, mixtures are one order of magnitude smaller. It
means that this mixture is much more reactive. Moreover, it can be noticed, that the measured values
for concentrations that are farther from stoichiometry (20%, 50% for H,-air and 50% for H,-O,) have
larger boxes. For these mixtures, measured cells varied in size and had irregular structure.
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Figure 1. Pressure distribution measured for 20% (a) and 30% (b) of hydrogen in air
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Figure 2. Pressure distribution measured for 50% (a) and 66% (b) of hydrogen in oxygen
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Figure 3. Flame propagation velocity obtained in experiments. (a) H,-air mixture, (b) H,-O, mixture
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Figure 4. Characteristic cell sizes obtained in experiments: (a) H»-air mixture, (b) H,-O. mixture



4.2 Results of numerical simulation

Results obtained from simulations using the new detonation model were compared with the
experimental results. Pressure comparisons for 20% and 30% hydrogen-air mixtures with 2D
simulations were shown in fig. 5. For 50% and 66% hydrogen-oxygen mixture it was fig. 6. It can be
seen that the results are in good agreement with experimental data. The detonation in simulations is
ahead of measurements 0.2 to 0.3 ms. Moreover, maximum pressure peaks obtained in calculations
were underresolved by values from 1 to 10 bar. Results from 3D simulations were gathered and
compared in fig. 7. Pressure values were smaller in 3D simulations compared to 2D. Velocity plots are
shown in figure 8 for hydrogen-air and hydrogen-oxygen respectively. Simulation gave values close to
the experimental measurements. Velocities were overpredicted by approximately 100 m/s, with an
exception for 20% of hydrogen in air, where difference is close to 50 m/s. For 66% of hydrogen in
oxygen, where it was about 150 m/s. In the 3D case of 66% H,-O, mixture the simulation was 50-100
m/s faster, than 2D. This difference is caused by the fact that the mesh for 3D case was too coarse. For
30% of hydrogen in air, the 3D simulation gave velocity which was the same as in 2D with an
accuracy of up to 5 m/s.
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Figure 5. Pressure comparison from 2D simulation and experiment: (a) 20% and (b) 30% of H in air
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Figure 6. Pressure comparison from 2D simulation and experiment: (a) 50% and (b) 66% of H, in O,
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Figure 7. Pressure comparison from 3D simulation and experiment: (a) 30% H; in air and (b) 66% of
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Figure 8. Velocity comparison from 3D simulation and experiment: (a) H,-air, (b) H»-O,

5.0 CONCLUSIONS

In this study the experimental and numerical investigation of hydrogen-air and hydrogen-oxygen
detonations parameters was performed. A new model for ignition delay time based on multivariate
regression was implemented and validated. ddtFoam library and OpenFoam software were used to
conduct 2D and 3D simulations. Velocities obtained from the experimental results were close to CJ
predictions. The analysis of simulations results showed that the new detonation model gave results in
good agreement with the experiments. Identical velocities were obtained in 3D and 2D simulations of
30% hydrogen in air, while for 66% of hydrogen in oxygen the 3D simulation gave velocity larger by
about 100 m/s than the 2D case. This was caused by coarser grid in 3D simulation.
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