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1 Introduction

Detonation is a type of premixed combustion and is characterized by high temperature and high
pressure compared to deflagration. If detonation occurs unintentionally, it may lead to a major accident
due to the above characteristics. In fact, in 2001, an explosion accident was reported at Hamaoka Nuclear
Power Plant Unit 1[1] that was thought to be caused by a detonation. Therefore, understanding
detonation characteristics are very important from the viewpoint of safety engineering.

The purpose of this study is to understand the detonation characteristics to use ammonia as a fuel.
Ammonia is a carbon-free fuel that does not emit carbon dioxide when ammonia is burned. Ammonia
is expected to be a next-generation fuel because ammonia can be transported and stored easily and its
industrial manufacturing methods have already been established. However, ammonia has the
disadvantage that ammonia is a toxic gas and it is relatively difficult to burn. The present study is to
calculate the two-dimensional detonation for ammonia/hydrogen/air mixture to understand the feature
of ammonia oxidation in a high-pressure situation.

2 Numerical Method

The present governing equations are the two-dimensional compressible Euler equations with species
conservation equations. The numerical flux for the convective term uses the hybrid method combining
the Harten-Lax-van-Leer-contact (HLLC) [2] and the local Lax-Friedrich (LLF) scheme. Its accuracy is
increased by the fifth-order weighted compact nonlinear scheme (WCNS) [3-10]. The fourth-order TVD
Runge-Kutta method [11] is used for the time integration method to increase numerical robustness. The
chemical reaction source term is integrated by the Extended Robustness-Enhanced Numerical Algorithm
(ERENA) [12]. The chemical reaction model adopts the UT-LCS model [13], which can predict the
laminar flame speeds and the ignition delay times of ammonia/hydrogen/air combustion under the high-
pressure. The model has 32 species and 213 elementary reactions. The Cantera library[14] is used to
solve this chemical reaction because the Cantera supports the PLOG function in this reaction model.

Figure 1 shows the calculation domain of this study. In this study, the shock wave coordinate system
is used to reduce the calculation cost. The boundary conditions of the top and bottom walls use slip and
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adiabatic wall conditions. Outlet condition at the left-side boundary is decided by referring to the
conditions of Gamezo et al [14]. Y3, Y7, and Y. mean every boundary value, the current in the first cell
near the boundary, and the extrapolation limit, respectively. The unburned gas is composed of
NH;s/Hy/air premixed gas which is 1 atm and 300 K. A small source of unburned gas is placed behind
the shock wave to create a small disturbance to start the detonation. The unburned gas enters with
Chapman-Jouguet (C-J) detonation velocity from the inlet side at the right boundary. The one-
dimensional numerical results are also used to start the two-dimensional detonation.

Table 1 shows the calculation cases of this study. From cases #1 to #6, the detonation does not appear
in the one-dimensional calculation. So we mainly discuss the result between cases #7 and #10. The grid
width for each case is determined to include 100 grid points in the induction distance. The channel width
uses 0.36 times the detonation cell size because a past study [16] shows that the channel width at the
detonation propagation limit is about 1/3 of the cell size. The detonation cell size is estimated from the
experimental value [17] and its induction distance as shown in Fig. 2.

Outlet Initial shock Inlet
Adiabatic wall

Y,=0.99Y,+0.01Y, D¢,

Unburned gas mixture

[ Adiabatic wall L 4
i Unburned gas mixture

Figure 1: Present calculation area and boundary conditions.
Table 1: Simulation conditions. « is expressed by the following equation:

4((1 — @)NH; + aH;) + 3(0, + 3.76N,)

Case * df;gggzi(fﬁl] det(}r_lla)tion Gri[d o -Grid p(-)ints
pm] (imax x jmax)
#1 0 0.0695 No - -
#2 0.1 0.0163 No - -
#3 0.2 0.00876 No - -
#4 0.3 0.00556 No - -
#5 04 0.00380 No - -
#6 0.5 0.00261 No - -
#71 0.6 0.00181 Go 18.0 1666 x 333
#8 0.7 0.00122 Go 12.1 1666 x 333
#9 0.8 0.000822 Go 8.2 1666 x 333
#10 0.9 0.000603 Go 6.0 1666 x 333
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Figure 2: Estimate detonation cell size from experimental value [14] and induction distance.

3 Results and Discussion

3.1 Temperature distribution of chemical species

In order to understand the characteristics of chemical species in the NHs/Hy/air detonation, the mass
fractions of some important chemical species are plotted as a function of temperature.

Figure 3 shows the instantaneous NH; mass fraction as a function of temperature for each case. From
Fig. 3, it can be seen that the decomposition of NHj starts at approximately 1300 K and is mostly
consumed at the temperature of 2500-3000 K. Comparing cases #7 and #10, it can be seen that the mass
fraction of NH3 in the high-temperature region is small in case #10. So, from this, it can be seen that the
decomposition reaction of NHj3 is promoted by H,.

Figure 4 shows the instantaneous NH, mass fraction as a function of temperature for each case. NH»
plays a key role to reduce the concentration of NO [13]. In Fig. 4, it can be observed that NH, generates
at approximately 1500 K and consumes at 2500-3000 K. Comparing cases #7 and #10, it can be seen
that the maximum NH, for case #10 is smaller than that for case #7. From this, it is considered that the
addition of H» promotes the reaction of not only NH3 but also intermediate products such as NHo.

Figure 5 shows the instantaneous NO mass fraction as a function of temperature for each case. In Fig.
5, the difference between cases #7 and #10 1s small, however, the amount of NO mass fraction increases
with increasing the temperature.

3.2 Maximum pressure history

Figure 6 shows the maximum pressure histories for cases #8 and case #9. Comparing these two cases,
it can be seen that the cell shape is irregular for case #8. The cell shape is generally more irregular as
the activation energy increases. So, it is thought that increasing the mixing ratio of H, leads to a decrease
in the activation energy of the premixed gas, however, the activation energy will be calculated by the
ZND in the future.
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Figure 3: NH; mass fraction distributions as a function of temperature.
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Figure 4: NH, mass fraction distributions as a function of temperature.
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Figure 5: NO mass fraction distributions as a function of temperature.
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Figure 6: Maximum pressure histories of cases #8 and #9.
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4 Conclusions

Two-dimensional detailed numerical simulations of NH3/Hy/air detonation are performed and the
results are summarized as follows:
(1) Increasing the mixing ratio of H, promotes the decomposition reaction of NHs.

(2) Increasing the H, mixing ratio increases the amount of produced NH», and as a result, the amount of
NO production is decreased.

(3) Increasing the H, concentration leads the regular cellular structure in the detonation.
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