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Abstract
Numerical simulations on ammonia/hydrogen/air detonation are performed using a detailed reaction model to investigate
the cellular instability and detonation dynamics as a function of hydrogen content. The UT-LCS model that includes
32 species and 213 elementary reactions is used in the present simulations. The fifth-order target compact nonlinear scheme
captured the unstable detonation dynamics and the complicated flow structure including the propagation of a sub-transverse
wave. The simulation performed with different hydrogen dilutions shows that the detonation propagates at the Chapman–
Jouguet velocity for all cases, and the cell size for the ammonia/hydrogen mixing ratio α = 0.3 becomes approximately
10 times larger than that for α = 1.0 (hydrogen/air mixture). A transverse detonation produces a finescale cellular structure
on the computed maximum pressure history. This complex shock formation is similar to those of a spinning detonation and
two-dimensional propane/oxygen detonation. The cellular irregularity increases with decreasing hydrogen content because
ammonia destabilizes the detonation cellular structure with a reduced activation energy of more than approximately 8.

Keywords Detonation structure · Ammonia · Detailed chemical reaction · Numerical simulation

1 Introduction

Ammonia, which does not produce CO2 during combustion,
is one of the most promising renewable fuels for zero carbon
emission [1, 2]. Ammonia also has the advantages of better
transportation and storage compared with hydrogen because
of the boiling temperature of 240K under atmospheric pres-
sure and liquefaction pressure of 20atm at 293K. Therefore,
ammonia is a useful alternative fuel and has been studied to
improve the combustion efficiency. However, ammonia has
a low laminar flame velocity compared with hydrogen and
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has some risks due to its high toxicity and corrosive nature.
Therefore, the combustion process under a high-pressure
environment and its detonation ability need to be studied
to prevent severe accidents.

Ammonia has been studied for application in internal
combustion engine systems. For example, Kurata et al.
[3] successfully demonstrated NH3–air combustion power
generation, Reiter et al. [4] demonstrated a compression-
ignition diesel engine using ammonia, and Mørch et al.
[5] investigated the use of ammonia/hydrogen mixtures as
an SI-engine fuel. However, there are limited available
data for deflagration-to-detonation transition (DDT), and
detonation propagation and structure for ammonia. Akber
et al. [6] experimentally measured detonation cell size
for ammonia/oxygen diluted by nitrogen and argon. The
measured cell size varied widely between 24mm
(NH3 + 0.05O2) and 101mm (NH3 + 0.75O2 + N2) at an
initial pressure in the range of 65–80kPa. Mevel et al. [7]
and Weng et al. [8] also measured detonation cell size in
ammonia/oxygen and ammonia/nitrous oxide mixture; they
reported a detonation cell size for stoichiometric ammo-
nia/oxygen between 13.5 and 53.8mm for an initial pressure
in the range of 100–42.6kPa. As for DDT, Thomas [9]
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conducted experiments in a 7-mm stainless tube with a mix-
ture of methane/ammonia/oxygen at an initial pressure of
1–7atm. He also discussed the constant n related the induc-
tion length (L ign) to the detonation cell size λ to predict
λ = 10–220mm with n = 60 for an initial pressure of
50–500kPa. Thomas et al. [10] also measured flame accel-
eration in an ammonia/hydrogen/air mixture; they reported
a weak acceleration and no DDT in their experiments
with a 150-mm-diameter and 30-m-long pipe. Jing et al.
[11] observed flame acceleration and DDT for an ammo-
nia/oxygen mixture in a 93-mm-diameter 14.8-m-length
tube. For the stoichiometric ammonia/oxygen mixture and
initial pressure of 1atm, theDDT run-up distancewas 5.05m,
54.8 times the tube diameter. Li et al. [12] conducted flame
acceleration andDDTexperiments in nitrous oxide/ammonia
with propane. Huang et al. [13] carried out experiments in
a rotating detonation engine (RDE) with ammonia/oxygen
in the annular chamber with a Laval nozzle. As for the
numerical simulations, Zhu et al. [14] simulated DDT in
a two-dimensional tube with repeated obstacles for ammo-
nia/hydrogen/oxygen using OpenFOAM with Song et al.’s
detailed chemistry model [15]. Zhu et al. [16] also simulated
a one-dimensional detonation in ammonia/hydrogen/air to
determine the effects of hydrogen addition on the pulsat-
ing instability mode using the same reaction model [15].
Fang et al. [17] simulated a 2D RDE with the uniform injec-
tion of ammonia/hydrogen/air mixture using OpenFOAM
solver, and Sun et al. [18] simulated a 3D RDE with the
uniform injection of ammonia/hydrogen/air mixture using
the commercial code Fluent in these simulations; the equiv-
alent ratio of ammonia to hydrogen is varied to study engine
performance stability NOx emissions and pressure gain per-
formance. However, there are no existing experimental data
that can be used to validate the simulation results.

The present study aims to investigate the detailed cel-
lular structure and the detonation dynamics for ammo-
nia/hydrogen/air. The present study performs two-
dimensional inviscid simulations with a detailed chemistry
model to investigate cellular instability and to study the
effect of hydrogen dilution on thermicity, reduced activation
energy, and the stability parameter.

2 Chemical reactionmodel

An appropriate chemical reaction model is necessary to
simulate the ignition of ammonia under high-pressure and
high-temperature conditions in the detonation reaction zone.
Three candidate reaction models for the present simulation
are selected: the UT-LCS model [19], the Konnov model
[20], and the Okafor model [21]. These reaction models
contain chemical species and elementary reactions that are
important for ammonium oxidation The UT-LCSmodel con-

Fig. 1 Comparison of ignition delay time between numerical
results and experimental data for stoichiometric ammonia/oxygen/Ar
(0.005715NH3/0.004285O2/0.99Ar) gasmixture. Experimental values:
filled circles, filled triangles, filled squares (Mathieu and Petersen [22]).
Calculated values: solid line: UT-LCSmodel [19]; dotted line: UT-LCS
model (τ�T ) [19]; long dashed line: Okafor model [21]; dashed line:
Konnov model [20])

sists of 213 elementary reactions of 32 chemical species,
the Konnov model consists of 1231 elementary reactions
of 129 chemical species, and the Okafor model consists of
356 elementary reactions of 59 chemical species, respec-
tively. Figure1 shows a comparison of the 0Dmodel ignition
delay time for these reaction models and measurements
from shock tube experiments [22]. The initial pressures are
1.4, 11, and30atm, and a stoichiometric ammonia/oxygen/Ar
(0.005715NH3/0.004285O2/0.99Ar) gas mixture is used.
Cantera library [23] is used to calculate the ignition delay
time defined here as the maximum temperature gradient
under adiabatic and constant volume conditions. In the shock
tube experiment [22], the ignition delay time (τOH∗)wasmea-
sured by the time-history OH*. Therefore, we also calculated
the ignition delay time using the UT-LCS model and Otomo
et al.’s simplified method [19], which calculates the elapsed
time taken for the temperature to increase by 50K from the
initial temperature. These calculated values are plotted as
τ�T (dotted line) in Fig. 1. Otomo et al. also calculated τOH∗
by considering the excitation process ofOH*and showed that
τ�T agrees well with τOH∗ [19]. Figure1 shows that the igni-
tion delay time for UT-LCS is close to that of the experiments
for the three pressure conditions considered. The difference
in ignition delay time between the two methods for UT-UCS
is approximately two times, and τ�T agrees fairly well with
the experiments [22], andwe reproduce the results from [19].
However, the other two models are far from the experimental
values. Therefore, we use the UT-LCS for the present deto-
nation simulations.

123



Two-dimensional detailed numerical simulation of ammonia/hydrogen/air detonation cell structure 141

Fig. 2 Present calculation domain and boundary conditions

3 Numerical method

3.1 Governing equations

The present governing equations are the two-dimensional
Euler equations with the mass conservation equations and
elementary reactions of 32 chemical species. The governing
equations are as follows:

∂Q
∂t

+ ∂E
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+ ∂F
∂ y

= S (1)

Q =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ρ

ρu
ρv

e
ρ1
...

ρN

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, E =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ρu
p + ρu2

ρuv

(e + p)u
ρ1u
...

ρNu

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

Fig. 3 Induction length calculated with the ZND model

Table 1 Simulation conditions for various α

Case 1 2 3 4

α 0.3 0.5 0.8 1.0

C–J velocity (m/s) 1888.5 1911.7 1945.9 1968.4

C–J pressure (atm) 16.554 16.259 15.797 15.478

C–J temperature (K) 2731.8 2810.7 2891.4 2942.4

Grid width (µm) 60.7 22.8 6.42 4.22

Channel width (mm) 45.6 17.1 4.81 3.17

Channel length (mm) 151.1 57.1 16.1 10.5
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where ρ is the density, u and v are the velocities along the x-
and y-axis, respectively, p is the static pressure, and e is the
total energy per specific volume; ρi denotes the density of
each chemical species (i = 1, 2, 3, . . . , N ), while ω̇i denotes
the production rate of each chemical species. The following
equations must always be satisfied:

N∑
i=1

ρi = ρ,

N∑
i=1

ω̇i = 0. (3)

Each species is assumed to satisfy the ideal gas equation of
state:

p =
N∑
i=1

ρi Ri T =
N∑
i=1

ρi
R

Wi
T . (4)

where R is the universal gas constant, Ri is the gas constant
for each chemical species, andWi is the molecular weight of
each chemical species. The specific heat at constant pressure
Cp, enthalpyh, and entropyS of each species for the standard-
state atmosphere depends on the temperature as follows [24]:

Cpi

Ri
= a1i + a2i T + a3i T

2 + a4i T
3 + a5i T

4, (5)
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4
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(7)
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Fig. 4 Numerically obtained maximum pressure histories for α = 0.3. Transverse detonation appears in the red dashed squares

The coefficients of each species, a1i , a2i , . . . , a7i , are given
by the JANAF table [25].
The total energy per unit volume e is defined as follows:

e =
N∑
i=1

ρi hi − p + ρ

2

(
u2 + v2

)
. (8)

3.2 Chemical reactionmodel

Amulti-step chain-branching chemical reaction mechanism,
including the pressure dependence for each reaction rate
coefficient, is used. The production rate of the ith species
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Fig. 5 Numerically obtained maximum pressure histories for α = 0.5. Transverse detonation appears in the red dashed squares

ω̇i is calculated by

ω̇i = Wi

K∑
k=1

(ν′′
ik − ν′

ik)

{
kf,k

N∏
i=1

[Xi ]v′
ik

−kb,k

N∏
i=1

[Xi ]ν′′
ik

}
, (9)

where v and X are the stoichiometric coefficient andmolarity
of each elementary reaction, respectively; kf and kb are the
reaction rate coefficients of forward and backward elemen-
tary reactions, respectively. The reaction rate coefficient of
each elementary reaction k is given by the followingmodified
Arrhenius equation:

k = AT n exp

(
− Ea

RT

)
, (10)
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Fig. 6 Numerically obtained maximum pressure histories for α = 0.8. Transverse detonation appears in the red dashed squares

where Ea is the activation energy. Some of the reaction
rates include the pressure dependence and influence of third
body M by the Lindemann, Troe formula, and PLOG func-
tion.

3.3 Numerical schemes

The two-dimensional compressible Euler equations with
species conservation equations are solved by the following

numerical schemes. The numerical flux for the convec-
tive term uses the hybrid method combining the Harten–
Lax–van Leer-contact (HLLC) [26] and the local Lax–
Friedrich (LLF) schemes (HLLC/LLF scheme). Its accuracy
is increased using the fifth-order target compact nonlinear
scheme (TCNS) [27–35]. The authors previously simu-
lated the detonation for hydrogen/air, hydrogen/oxygen, and
propane/air mixtures using the fifth-order weighted com-
pact nonlinear scheme (WCNS) in Ref. [31–33]; however,
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Fig. 7 Numerically obtained maximum pressure histories for α = 1.0. Transverse detonation appears in the red dashed squares

the present simulation uses the TCNS based on the targeted
essentially non-oscillatory (TENO) scheme [34]. The differ-
ence between the WCNS and TCNS is the definition of the
weighting function. The weighting function for the TCNS
can be easily changed from that for the WCNS, and the
present simulations use the TCNS. The fourth-order 10-step
total variation diminishing (TVD) Runge–Kutta method [36]
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) [37]. The chemical reaction model adopts the
UT-LCSmodel [19]. The Cantera library [23] is used to solve
this chemical reaction because Cantera supports the PLOG
function in this reaction model.

Figure 2 shows the numerical domain used for the study.
The shock wave coordinate system is used to reduce the total
calculation cost. The boundary conditions of the top and
bottom walls are slip and adiabatic. Outlet condition at the
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Fig. 8 Comparison of unburned gas area behind detonation front for
various α

Fig. 9 Cell size for various α

left-side boundary is decided based on conditions proposed
by Gamezo et al. [38]. The quantities Yb,Y1, and Ye in Fig. 2
refer to the value at the boundary (i = 1), the value at i = 2
near the boundary, and the ambient fluid value, respectively.
The unburned gas is composed of NH3/H2/air-premixed gas
at 1atm and 300K. A small amount of burnt gas is placed
behind the shock wave to create a small disturbance to initi-

Fig. 10 Normalized cell size for various α

ate the detonation instability. The unburned gas enters at the
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 simulation.

Table 1 shows the simulation conditions of the present
study, where the ammonia/hydrogen mixing ratio is varied
by changing α:

4((1 − α)NH3 + 1.5αH2) + 3(O2 + 3.76N2). (11)

The simulation for pure ammonia/air gas mixture (α = 0)
is not carried out because the detonation quickly quenches
and is not self-sustained for the one-dimensional simula-
tion. The grid width used for each case yields an induction
length of 50 grid points. The induction lengths for various
cases are calculated by Cantera, and the results are plotted
in Fig. 3. The channel width should be selected accord-
ing to the measured cell size. We first decided to set the
channel width of the hydrogen/air gas mixture on the exper-
imental data from Chen et al. [39]. As a reference, the
detonation cell size of hydrogen/air was set to approximately
10mm, and the channel width was set to approximately
0.3 times the detonation limit based on Chen et al.’s exper-
imental data [39]. This means that the channel width in
this simulation is 15 times the induction length. The present
computational grid uses the orthogonal system, and the num-
ber of grid points for Case 4 (hydrogen/air in Table 1)
is 3001 × 751 based on the total computational cost and
required memory. Other ammonia/hydrogen/air mixtures
(Cases 1–3) are also calculated with the same number of grid
points as hydrogen/air (Case 4). The details of the grid width
and channel width are listed in Table 1. The initial pressure
and temperature were set to 1atm and 300K.

The two-dimensional numerical code is parallelized with
MPI (message passing interface). These simulations are
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Fig. 11 Detonation velocities for various α

performed using the Oakbridge-CX at the University of
Tokyo.

4 Results and discussion

The simulations are performed to study cellular detonation
structure for various ammonia/hydrogen/air mixtures at stan-
dard pressure conditions in narrow channels. The present
simulations are focused on detonation cellular dynamics and
cellular instability.

Fig. 12 Profiles of pressure and temperature for various α calculated
with the ZND model
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Fig. 13 Profiles of chemical species for various α calculated with the ZND model

4.1 Maximum pressure history and detonation
velocities

The cellular structure is a key characteristic of a detonation
wave. Figures 4, 5, 6, and 7 show the maximum pressure
histories, analogous to experimental soot for cell structure

Fig. 14 Thermicity profiles near the detonation front calculated with
the ZND model

imprint, for each case. The detonations for all cases persist
beyond L/d > 120,where L is the propagation distance. The
red dotted rectangle highlights the appearance of a trans-
verse detonation in these figures. These figures show that
the cellular structure becomes irregular with smaller cells as
α decreases, i.e., the larger amount of ammonia produces
irregular cellular structure. In Cases 3 and 4, the detonation
propagates with a single-headed structure; however, Cases 1
and 2 showmultiple transitions from a large cell size (single-
headed) to a small cell size (multiple-headed) detonation
structure. In the next section, the stability parameter is calcu-
lated for these conditions to understand the cell irregularity.

Figure 8 shows a comparison of the instantaneous and
moving averaged unburned gas region behind the detona-
tion front for all cases. The horizontal axis is normalized
time, which is defined by treal×DCJ/�x , where treal is
physical time and �x is the grid width, respectively. The
vertical axis denotes the total grid points in the unburned
gas region because Cases 1–4 have the same total num-
ber of computational grid points. Figure8a shows that the
unreacted gas regions vary for all cases with a similar
period. The moving averaged distributions of the unburned
gas region in Fig. 8b show some quantitative differences.
Case 1 (α = 0.3) has the lowest distribution in all cases
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Fig. 15 Reduced activation energy and stability parameter calculated
with the ZND model

because many transverse waves and a highly unstable det-
onation quickly consume unburned gas near the detona-
tion front. The detonation for Case 4 (α = 1.0,H2/air
mixture) produces a weakly unstable detonation with a
larger unburned gas area, typically nearly stable detona-
tion generates larger unburned gas regions. More simu-
lations need to be done in the future to understand this
feature.

The cell size (λ) and normalized cell size (λ/�i ) as a func-
tion of α are presented in Figs. 9 and 10, respectively. The
vertical bars in these figures are standard deviations, which
are obtained by the measured cell sizes in the maximum
pressure histories in Figs. 4, 5, 6, and 7. For α = 1 (hydro-
gen/air), the experimental cell size is approximately 10mm,
and the present results are smaller than the experimental data

because the present channelwidth d = 3.17mm.The amount
of hydrogen significantly affects the detonation cell size.
The mean calculated cell size for α = 0.3 is approximately
10 times larger than that for α = 1.0. Because experimental
cell size data for the ammonia/hydrogen/air mixture are not
found in the literature, the validity of this feature will be
verified in the future. The proportionality constant, A =
λ/�i in Fig. 10, shows a large deviation; however, the mean
values are roughly in the range between 40 and 100.
Westbrook et al. [40] proposed the linear correlation between
the induction length and the cell size, and they showed that
the value A depends on the mixture composition and equiva-
lence ratio. Ng [41] also presented the value A from 3 to 100.
The value of A for ammonia is not known.

Figure 11 shows the instantaneous (blue line) and aver-
aged (red line) detonation velocities for various α. The
detonations are self-sustained and do not quench, and the
instantaneous detonation velocities vary between 0.7 DCJ

and 1.8 DCJ,where the average detonation velocity is approx-
imately DCJ.

4.2 ZND structure and stability parameter

Figure 12 shows the pressure and temperature calculatedwith
the ZND model to understand the effects of hydrogen addi-
tion. Pressure and temperature profiles strongly depend on α,
and the combustion behind the shock front starts faster with
the increase in hydrogen addition.

Figure 13 shows the ZND profiles of the chemical species
and temperature for various α. Behind the shock front,
NH2 is produced earlier than OH radical and NO because

Fig. 16 Close-up view near the fine scale cellular structure on numerically obtained maximum pressure histories for α = 0.8
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Fig. 17 Instantaneous pressure and temperature contours, and
schematic figure near the transverse detonation; IS, MS, TP, TW, and
STW denote incident shock, Mach stem, triple point, transverse wave,
and sub-transverse wave, respectively

NH3 decomposes first into NH2. Then, H2O2, N2H2, and
N2O are produced a little later. The radical OH and NO
remain in the high-temperature region behind the combus-
tion front; however, NH2,N2H2, and N2O decompose very
quickly. These profiles show that NH2 plays an important
role in the concentration of NO [19]; however, NO does not
decrease at L/L ign = 2.0 for α = 0.8 although maximum
NH2 decreases for α = 0.8 because TCJ is proportional to α.

A discussion about cellular structure stability is possi-
ble by using the one-dimensional ZND analysis, the reduced
activation energy θ [42], and the stability parameter χ [43].
A large reduced activation energy produces an unstable deto-
nation feature with the appearance and disappearance of the

Fig. 18 Evolution of transverse detonation and sub-transverse waves

triple points by Gamezo et al. [38]. Ng et al. [43] also esti-
mated the stability parameter for the various mixtures. The
definition of the reduced activation energy θ and stability
parameter χ is presented as follows:

θ = Ea

RTvN
= 1

TvN

lnτ2 − lnτ1
1
T2

− 1
T1

, (12)
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Fig. 19 Overlaid figures between instantaneous pressure contours and calculated maximum pressure histories near the transverse detonation

χ = θ
�I

�R
= θ�I

σmax

uCJ
, (13)

where TvN is the temperature behind the shock, (T1, τ1) and
(T2, τ2) are temperature and induction time at a constant vol-
ume explosion analysis with ±0.1%DCJ. In (13), �I and
�R are induction length and reaction length, and uCJ is the
CJ detonation velocity, and σmax is the maximum thermicity,
respectively. The present results are also calculated by the
UT-LCS [19]. Figure14 shows the thermicity profile behind
the detonation front as a function of α. This figure shows
that the maximum thermicity σmax increases with increasing
α (decreasing the amount of ammonia); however, the over-
all thermicity profile is not self-similar for all cases. There

is only one peak in the thermicity; there is no double peak
structure observed in any of the cases.

Figure 15 shows the reduced activation energy θ and the
stability parameter χ as a function of α. When hydrogen
dilution increases, θ and χ decrease because the hydrogen
reaction rate is higher and increases the cellular stability.
These results indicate that the detonation cellular structure
becomes regular with a large amount of hydrogen dilution.
These results support the cellular instability feature in the
two-dimensional simulation.

Manzhalei [44] proposed a minimum activation energy
criterion of θ > 6.4 to observe a substructure at the lead-
ing front of the detonation and to increase the detonation
instability. Austin et al. [39] also discussed the effects of the
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activation energy criterion in their experiments to support
this criterion. The present estimation in Fig. 15 for α = 0.3
(Case 1) and 0.5 (Case 2) shows that θ is approximately 8.
Therefore, the cellular irregularity in the simulations increases
with increasing ammonia.

4.3 Generation of new triple points and
sub-transverse wave

Figure 16 shows the close-up view of region 1 in Fig. 6 (Case
4). The bottom figure in Fig. 16 shows a different pressure
range from the top figure to enlarge the finescale cellular
structure region. This finescale cellular structure region is
produced by triple points in the transverse detonation (TD);
note the TD mainly appears near the detonation propaga-
tion limit. This finescale cellular structure feature was also
reported by the authors in a previous second-order simula-
tion for propane/oxygen [34]; the present results are better
resolved compared with the previous results [34]. This is
because the present simulation uses a fifth-order scheme,
whereas the previous propane/oxygen detonation simula-
tion used a second-order scheme. The instantaneous pressure
and temperature contours near the TD at t = 840.4µs are
presented in Fig. 17. The schematic in Fig. 17c shows the
detailed structure near the TD. This complicated shock inter-
action system is similar to that of a spinning detonation
[45] and the propane/oxygen detonation [34]. Seven or eight
triple points are observed in the TD. Figure18 provides three
instantaneous pressure contours showing the sub-transverse
waves in the TD. One sub-transverse wave (STW) reaches
the Mach stem at t = 831.8µs in Fig. 18a, and then, this
STW propagates along the Mach stem at t = 842.8µs in
Fig. 18b to become a transverse wave (TW) at t = 844.1µs
in Fig. 18c. Figure19 shows an overlay of the instantaneous
density gradient at t = 844.1µs in Fig. 18c and the calcu-
latedmaximum pressure history in Fig. 16. This figure shows
that the STWcauses the newTWon the calculatedmaximum
pressure history. Asahara showed a similar feature that the
STWon the TD propagates on theMach stem [46]. As shown
in Figs. 18 and 19, the STW is confirmed on the TD in this
study as well. On the other hand, Asahara showed that the
STW is caused by the micro-explosion that occurs at the
junction of the reaction front and the TD. Such an explosion
is not observed in this study, and some further calculations
with finer grids are necessary in the future.

5 Conclusions

Numerical simulations on ammonia/hydrogen/air detonation
are performed using a detailed reaction model to investigate
the effect of hydrogen dilution on detonation stability and
detonation dynamics. The conclusions are as follows:

(1) The fifth-order TCNS scheme captured the unstable det-
onation dynamics and the complicated flow structure
including a transverse detonation wave.

(2) The simulation shows that the detonation propagates at
the CJ velocity for all cases and the cell size for α = 0.3
becomes approximately 10 times larger than that for
α = 1.0 (hydrogen/air mixture). The normalized cell
sizes by the induction length show a large deviation;
however, the mean values are in the range between
40 and 100.

(3) The moving averaged distributions of the unburned gas
region roughly depend on the amount of ammonia and
cellular irregularity. The highly unstable detonation for
α = 0.3 quickly consumes the unburned gas near the
detonation front; however, the weakly unstable detona-
tion for α = 1 (H2/air) produces a larger unburned gas
area because nearly stable detonation generates larger
unburned gas regions.

(4) A transverse detonation, which includes triple points and
sub-transversewaves, creates a cross-hatching pattern on
the computed maximum pressure history. This complex
shock formation is similar to that of a spinning detona-
tion.

(5) The cellular irregularity increaseswith decreasinghydro-
gen dilution, i.e., ammonia destabilizes the detonation
cellular structure with a reduced activation energy of
more than 8.
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