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HIGHLIGHTS GRAPHICAL ABSTRACT

e The effect of injection on rotating
detonation waves is quantitatively
displayed.

e Increasing slot width can lead to
the detonation propagation pat-
terns stably.

e Increasing injection stagnation
temperature may lead to a chaotic
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mode. Increasing injection temperature T, can increase the number of detonation waves.

o Two parameters are proposed to Increasing injection slot width g can decrease the number of detonation waves.
distinguish the detonation propa-
gation patterns.

ARTICLE INFO ABSTRACT
Article history: Two-dimensional rotating detonation waves (RDWs) with separate injections of hydrogen
Received 26 July 2022 and air are simulated using the Navier—Stokes equations together with a detailed chemical
Received in revised form mechanism. The effects of injection stagnation temperature and slot width on the deto-
27 August 2022 nation propagation patterns are investigated. Results find that extremely high tempera-
Accepted 5 September 2022 tures can lead to a chaotic mode in which detonation waves are generated and
Available online 26 September 2022 extinguished randomly. Increasing the slot width can reduce the number of detonation
waves and finally trigger detonation quenching at a low injection stagnation temperature.
Keywords: But increasing the slot width can change the RDW propagation pattern from a chaotic to a
Rotating detonation wave stable mode under high injection temperature. Furthermore, the kinetic parameter r
Incomplete mixing (representing the chemical reactivity of the mixture) and the kinematic parameter «

* Corresponding author.
E-mail address: hhteng@bit.edu.cn (H. Teng).
https://doi.org/10.1016/j.ijhydene.2022.09.051
0360-3199/© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.


mailto:hhteng@bit.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2022.09.051&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2022.09.051
https://doi.org/10.1016/j.ijhydene.2022.09.051
https://doi.org/10.1016/j.ijhydene.2022.09.051

38812

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 (2022) 38811—-38822

Injection parameters
Propagation pattern

(representing the mixing efficiency of hydrogen and oxygen) are introduced to distinguish
the RDW propagation patterns.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Detonation is an extreme combustion phenomenon in which
the leading shock wave and reaction zone are coupled tightly,
and it can propagate at a supersonic speed relative to the
unburned gas. As the pressure-gain-combustion [1], engines
based on detonation combustion have numerous advantages,
such as shorter combustors, higher combustion efficiency,
and higher specific impulse. Three types of detonation en-
gines have been proposed and studied widely: the pulse
detonation engine (PDE) [2—5], rotating detonation engine
(RDE) [6—12], and oblique detonation engine (ODE) [13,14]. The
PDE operates in a pulsed mode, whereby the detonation must
be initiated in each cycle and fast purging/refilling is required.
It is difficult to obtain an oblique detonation wave in the
combustor under a low inflow Mach number [15—17]. For the
RDE, the rotating detonation wave (RDW) propagates contin-
uously in an annular combustor, thereby avoiding the high-
frequency reignition in a PDE [18] and preventing the up-
stream motion of one detonation wave in an ODE. The RDE
has attracted increasing attention in the past decades for its
promising application in advanced propulsion [19—23].

The fundamental research of RDWs in simplified com-
bustors has been investigated via theoretical analysis, exper-
imental measurements, and numerical simulations [24—30].
There are many studies on RDW structures under different
inflow parameters and geometric configurations. The wave
structures in the combustor RDW consist of detonation waves,
reactive shock waves, triangular fresh-mixture regions, and
contact surfaces. The fuel-injection models of RDE usually
include premixed and non-premixed injections. For the pre-
mixed injection, the detonation wave height is determined
primarily by the stagnation pressure [24,31,32], while the
detonation wave number is mainly determined by the stag-
nation temperature [33,34]. Meanwhile, the detonation wave
number for the spacer micro-nozzle injection model is also
determined by the injection area ratio [35,36].

The fuel and oxidant are usually injected separately in
practice [10,19,23,25,35,37—40]. The mixability of fuel and
oxidant can strongly affect the detonation velocity, thrust
performance, and detonation wave number in the combustor.
Fuel and oxidant must be mixed within one detonation cycle
to obtain a stable detonation wave. Poor mixing of the oxidant
and fuel decreases the detonation velocity [31,41]. It causes a
lower detonation wave velocity compared to the
Chapman—Jouguet (CJ) detonation velocity [41—43]. A large
injection slot reduces the mixing efficiency, decreases the
number of detonation waves [9], and lowers the thrust per-
formance. The thrust performance is also affected by the

combustor width, hence, Kawasaki et al. [44] proposed a crit-
ical value needed to sustain an RDW in a suitable state for
generating thrust.

The aforementioned works have demonstrated that the
injection parameters such as injection stagnation tempera-
ture/pressure and injection system configuration have an
important effect on the combustion mode in the combustor.
The stable operation of RDE needs the detonation waves to be
initiated and propagated stably in the combustor. However,
there are still significant challenges with RDE, including
rapidly mixing the reactants and regulating the combustion
mode in the combustor. Moreover, the detonation mode is
usually regulated by the injection parameters. While there is
still lack of quantitative description of the effect on the deto-
nation mode by injection conditions. Therefore, this paper
simulated the RDE with a separate injection to study the effect
of injection parameters on the detonation mode in the
combustor. The generalizing dependences of the detonation
wave number on the injection stagnation temperature and
slot width are demonstrated in this paper. Two dimensionless
parameters are introduced to distinguish the propagation
patterns of detonation waves in an RDE combustor, and a
criterion is proposed to assess the RDW modes.

Simulation method
Governing equations

The annular RDE combustor has been investigated
[23,33,39,45,46]. If the RDE combustor thickness is far smaller
than the diameter and the curvature can be ignored, the
combustor can be expanded along the bus bar. Similar models
have been used in many precious studies [23,31], and the
simulated results are consistent with the experiments.
Therefore, the computational domain of a three-dimensional
combustor is simplified as a rectangular region in this paper.
The two-dimensional Navier—Stokes (N—S) equations coupled
with detailed reactions are used to simulate the flow field. The
N-S equations are written as
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where §; is the Kronecker delta. The variables p, u;, e, T, P, Yy,
and hy are the density, velocity in the j-th direction, specific
total energy, temperature, pressure, mass fraction, and
enthalpy of the k-th component respectively. The quantity u is
the viscosity, which is calculated from the Sutherland equa-
tion, and wj; is the reaction rate of the i-th species, which is
calculated from the Arrhenius equation. The diffusion coeffi-
cient D is obtained from the Schmidt number and viscosity.
The chemical reactions involve multiple components, so the
total density and total energy are computed from

p= ipi Q)
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e=h———_
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with the enthalpy expressed as
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where p; is the density of the i-th species, h; can be solved
using the thermodynamic parameters of each independent
component, and P is obtained from the state equation

n
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The chemical mechanism of hydrogen-air reaction in-
cludes 19 reversible chemical reactions and 9 species (H,, Oy,
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Fig. 1 — Schematic of the computational model.

H,O0, H, O, OH, HO,, H,0, and N,) [47]. The Kurga-
nov—Noelle—Petrova (KNP) scheme [48,49] and the implicit
time integration with the forward Euler method are used to
solve governing equations, and the Van Leer method [50] is
used to calculate numerical flux.

Physical model

Fig. 1 shows the two-dimensional rectangular domain of a
simplified RDE combustor model. In this study, the compu-
tational domain size was fixed at 280 mm x 100 mm (the
equivalent diameter of the combustor was approximately
90 mm). The left and right boundaries were modeled with
periodic boundary conditions. The non-premixed gas
(hydrogen/air) was injected axially into the combustor
through the sonic nozzle installed separately at the low
boundary. The outlet boundary is non-reflective to prevent the
interaction between pressure waves and the out boundary.
The mixing process of hydrogen and air is sensitive to the
injection slot width. To investigate the effect of the mixability
of hydrogen and air, this work adjusted the injection width
(fuel slot width, Wg) from 0.4 mm to 7.0 mm, and the mix-
ability gradually became worse. Notedly, the area ratio of the
oxidant and fuel nozzle was fixed at 2:1, as shown in Fig. 1. The
injection stagnation pressure can primarily change the height
of the detonation wave but has a slight effect on the detona-
tion wave number [24,31,32]. In this paper, the injection
stagnation pressure was set to P, = 1.0 MPa. The air-breathing
RDE can work at a wide Mach number range from 2.0 to 6.0,
leading to a remarkable change in the airstream total tem-
perature of the RDE combustor [51]. To explore the effect of
injection stagnation temperature To on combustion mode, Ty
changes from 300 K to 700 K, which can ensure the detonation
wave can be initiated under low temperature. To initiate the
detonation wave, an ignition zone with a high temperature
and pressure (Pig = 3 MPa, Tig = 1500 K, and Ujg = 2000 m/s) was
setin the initial field that was a uniform hydrogen-air mixture
with T = 300 K and P = 1.0 atm.

The flow condition of the inlet nozzle depends on the local
pressure P at the combustor entrance. The calculation of inlet
parameters can be divided into the following cases [24,33]:

(i) for P > Py, the inlet boundary is considered as a wall;

(ii) for Po>P>P, the injection velocity can be obtained
from the isentropic expansion

T=T, (f%) N (10)

J w2 ()] -

where v and R are the specific heat ratio and the gas constant
of the mixture;

(iii) for P < Py, the flow is choked, and the injection velocity
is sonic.
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The critical pressure is defined in terms of the stagnation
pressure and specific heat ratio of the reactants as

2 \71
Pe—Po (YH) (12)

Results and discussion
Effects of injection temperature

Fig. 2 shows the temperature contours for different injection
stagnation temperatures T, and the injection slot width is a
constant, i.e., Ws = 0.4 mm. The detonation waves are fully
developed in all cases. There are three detonation propagation
modes, including single-wave mode, dual-wave mode, and
chaotic mode. Fig. 2(a) shows the temperature contour when
the injection stagnation temperature is To = 300 K. The
triangular region in the front of the detonation wave is filled
with the unburned mixture, and there is only one detonation
wave in the combustor. When the injection stagnation tem-
perature is increased to Tp = 500 K, the flow structures are
similar to that of Ty = 300 K, including the detonation wave,
shock wave, shear layer, and unburned triangular region.
However, there are two detonation waves in the combustor,
both of which propagate from left to right, as shown in
Fig. 2(b). When T, = 700 K, more small-scale detonation waves
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Fig. 2 — Temperature contours for Ws = 0.4 mm and
To = 300 K (a), 500 K (b), and 700 K (c).

propagate in different directions, and the flow field is chaotic,
as shown in Fig. 2(c).

To show the flow properties of detonation waves, we
extract the pressure and temperature data along the line
y =0.001 min Fig. 2, and the related results are plotted in Fig. 3.
From Fig. 3(a) and (b), the pressure and temperature curves are
tightly coupled at the wavefront, implying a detonation wave
is formed. The rapid pressure drop is due to the heat release
and the lateral fluid expansion. The detonation pressure and
temperature in Fig. 3(a) and (b) are highly regular when
To = 300 K and 500 K. However, when Ty is 700 K, the flow field
is in a chaotic state, in which there exist four detonation
waves. Meanwhile, two shock waves are also observed and
they originated from the collision of two detonation waves, as
shown in Fig. 3(c). It should be noted that new detonation
waves or shock waves are randomly generated through the
hotspot explosion, and the flow fields in Fig. 3(c) are highly
unsteady.

A numerical resolution study was conducted to ensure the
simulation results were not affected by the grid scales. Fig. 4(a)
shows the pressure contours of a flow field in which the RDW
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Fig. 3 — Pressure (black solid line) and temperature (red
dotted line) distributions along the line y = 0.001 m for
Ws = 0.4 mm and T, = 300 K (a), 500 K (b), and 700 K (c).
SW: shock wave. DW: detonation wave. (For interpretation
of the references to color/colour in this figure legend, the
reader is referred to the Web version of this article).
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Fig. 4 — Pressure contour (a) and pressure and x-velocity
distributions along y = 0.005 m (b) of a flow field for
Ws = 1 mm and T, = 350 K with different grid scales.

runs stably with different resolutions. The mesh widths are
A = 0.1 mm (upper) and 0.2 mm (lower). The observed flow
field structures are similar for different resolutions, and the
locations of the detonation waves are almost coincident. For
quantitative comparison, the pressure and x-velocity distri-
butions of the field near the lower boundary are extracted and
plotted in Fig. 4(b). The pressure behind the detonation wave
is high, and then it decreases owing to the expansion waves
behind the detonation wave. The pressure and x-velocity
distributions are similar at different resolutions, the detona-
tion wave locations are almost coincident, and the peak
pressures and velocities are the same. We conclude that the
resolution A = 0.2 mm used in this study is sufficient
[24,46,52].

Effects of injection slot width

Section 3.1 has demonstrated that the injection stagnation
temperature has a great effect on the propagation pattern.
Higher injection stagnation temperature leads to more deto-
nation waves in the combustor. If the injection stagnation
temperature is higher than a critical value, no stable detona-
tion wave propagates in the combustor, but the detonation
waves collide with each other and are extinguished and
generated randomly. This is the chaotic combustion mode.
Note that the injection slot width in Section 3.1 is 0.4 mm,

which can produce a high mixing efficiency flow field and is
beneficial to the formation of detonation waves. Now we will
discuss the RDE scenario with a high concentration of
nonuniformity that is obtained by increasing the injection slot
width.

Fig. 5 shows the temperature fields for different injection
slot width Ws and the same injection stagnation temperature
To = 300 K. When Wg = 1 mm, the flow field does not change
significantly compared to the results of Fig. 2(a) where the
injection slot width Wgis 0.4 mm. Only one detonation waveis
observed in the combustor, but the contact surface between
combustion products and fresh mixture is more irregular.
When Ws is increased to 2 mm, there is still only one deto-
nation wave in the combustor, and the contact surface is more
irregular than for Wg = 1 mm and 0.4 mm. Furthermore, the
discrete preignition zones are becoming larger with the in-
crease of slot width. This is due to the lower mixing efficiency
of hydrogen and air. A low-temperature region near the shear
layer is observed. When Ws is increased to 3 mm, no deto-
nation wave is observed. We can conclude that the larger in-
jection slot is unfavorable to a stable propagation detonation
wave when Ty is only 300 K.

Under a higher injection stagnation temperature, a
different phenomenon is observed when Ws is increased.
There is a chaotic mode when Ty = 700 K and Ws = 0.4 mm, as
shown in Fig. 2(c). When Ws is increased to 1 mm, three
detonation waves are observed in the combustor and propa-
gate in the same direction, as shown in Fig. 6(a). The pressure

Il .
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o
~
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\ 61:

Fig. 5 — Temperature contours for To = 300 K and
Ws = 1 mm (a), 2 mm (b), and 3 mm (c).
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Fig. 6 — Temperature contours for T, = 700 K and
Ws = 1 mm (a), 2 mm (b), and 3 mm (c).

and temperature distributions along the line y = 0.001 m are
shown in Fig. 7(a). Three stably propagating detonation waves
are observed in the combustor, and the temperature distri-
bution oscillates more strongly than for Ws = 0.4 mm. Fig. 6(b)
shows the temperature contour when Ws is increased to
2 mm. Two detonation waves are observed in the combustor,
and spontaneous combustion is observed in the unburned
triangular region. Fig. 7(b) shows the pressure and tempera-
ture distributions along the line y = 0.001 m. The temperature
distribution oscillates more sharply because the hydrogen and
air are not mixed as well as with the smaller injection slot, and
the reaction takes place at a high temperature in the mixing
layer at the contact surface between air and hydrogen. When
Ws is increased to 3 mm, only one detonation wave is
observed. The height of the detonation wave front is larger
than for Ws = 2 mm and 1 mm, and spontaneous combustion
is observed in the unburned triangular region, as shown in
Fig. 6(c). The temperature and pressure oscillate more sharply,
as shown in Fig. 7(c). When Ws is increased to 6 mm, no
detonation wave is observed in the combustor because no
detonation wave can propagate stably, and the field is similar
to that in Fig. 5(c).

Comparing the fields in Figs. 5(c) and 6(c) show that
increasing the injection stagnation temperature favors stable
detonation propagation in the combustor when the injection
width is large. From Figs. 2(c) and 6(a), increasing the injection
width makes the combustion mode change from chaotic to
the stable mode when the injection stagnation temperature is

- 4500

01 .05 0 0.05 0
x(mm)

Fig. 7 — Pressure and temperature distributions along the
line y = 0.001 m for To = 700 K and Ws = 1 mm (a),
2 mm (b), and 3 mm (c).

high. It is concluded that increasing temperature benefits
stable propagation of the detonation wave but may lead to a
chaotic mode. Increasing the injection width is not conducive
to stable propagation of the detonation wave when the in-
jection stagnation temperature is low but can change the
combustion mode from the chaotic mode to a stable mode
when the injection stagnation temperature is higher.

Fig. 8 shows the propagation patterns in the combustor,
specifically the number of detonation waves as a function of
injection stagnation temperature Tp when the injection width
is Wg = 0.4 mm, and as a function of Wg when Ty = 700 K. For
Ws = 0.4 mm in Fig. 8(a), there is only one detonation wave
when T = 300 K and 350 K, which we call single-wave mode.
When T, is increased to 400 K, two detonation waves are
observed in the combustor, forming the dual-wave mode.
When T, is increased to 550 K, there are more detonation
waves, which collide with each other and are extinguished,
and new detonation waves are generated randomly as in
Fig. 2(c), this is the chaotic mode. We can conclude that
increasing Tp leads to more detonation waves in the
combustor, and even a chaotic mode when Ty is higher than a
critical value. For To = 700 K in Fig. 8(b), the chaotic mode is
observed when Wg = 0.4 mm. When Wg is increased from
1 mm to 3 mm, the number of detonation waves decreases
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Fig. 8 — Number of detonation waves in the combustor as
(a) a function of T, when Ws = 0.4 mm and (b) a function of
Ws when Ty = 700 K.

from three to one. When Wy is increased to 6 mm and 7 mm,
no detonation wave is observed, meaning the detonation
wave fails to initiate. We can conclude that increasing Wg
leads to fewer detonation waves, and even makes a detona-
tion wave unable to propagate in the combustor. From the
above, increasing the injection stagnation temperature can
lead to a chaotic mode, while increasing the injection width
can change the combustion mode from a chaotic to a stable
mode but may lead to a failed detonation if the injection width
is too large.

Fig. 9 shows the detonation velocity as a function of in-
jection stagnation temperature for Ws = 1 mm and 3 mm. The
detonation velocity is not constant; that is, the detonation
wave has an oscillatory propagation in the combustor. For
both Ws = 1 mm and 3 mm, the detonation velocity decreases
with increasing temperature. From the detonation velocity
curves of the two injection widths, the average detonation
velocity for Wg = 1 mm is higher than for Wg = 3 mm for a
specific temperature, but the oscillation amplitude of the
detonation velocity for Ws = 1 mm is smaller than for
Ws =3 mm. Thereason is that the larger injection slot leads to
the hydrogen and air mixing insufficiently. The detonation
wave can stably propagate only in the thin mixed layer.
Consequently, the propagation of the detonation wave always

2400 G [ ™1 T T — T T 1
—e— W,=1mm
——e—— W,=3mm
2100 - "
- !
@»
-]
g
S 1800 - 1
1500 - 4
1 L 1 L 1 1
400 500 600 700
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Fig. 9 — Detonation velocity as a function of T,.

involves quenching and re-initiation, which leads to a larger
oscillation amplitude.

Criteria of stable propagation

The injection width and injection stagnation temperature
have important effects on the propagation patterns of deto-
nation waves in the combustor. However, the mechanism of
these effects is not clear. This section will discuss how injec-
tion conditions affect the propagation pattern. The change in
injection width has a significant effect on the mixing of the
fuel and oxidant, but it has little effect on the chemical reac-
tivity. To explain why increasing injection width changes the
propagation pattern from a chaotic to a stable mode, it is
necessary to introduce a parameter that represents the mix-
ability of fuel and oxidant to quantify and describe the effect.
The kinematic parameter « represents the ratio of the mass
fraction Yy, reacting Of hydrogen that can participate in the re-
action (reacting hydrogen) to the total mass fraction of
hydrogen in the unburned triangular zone. It is highly related
to the equivalence ratio in the combustion theory foundation,
but it can visually represent the ratio of the mass fraction of
combustible hydrogen due to high concentration non-
uniformity.

s

(YHz,reacting.i X Pi)

a= i=1 - (13)
_Z sz-,i
=1
where
. 2M,
YHZ sreacting = IM1N (YHZ ) YOZ * M H2> (14)
02

where, the variables Yy,, Yo,, My,, Mo,, p; and py, ; are mass
fraction, mole mass of hydrogen and oxygen, the total density
of field, and fractional density of hydrogen at i-point.
Respectively.

Fig. 10 shows the mass fraction distribution of reacting
hydrogen Yy, reacting, for To = 300 K with different Ws. The re-
sults suggest that the reacting hydrogen in the unburned
triangular zone is well distributed for Ws = 0.4 mm, which
means the mixability of hydrogen and oxygen is sufficient.
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Fig. 10 — Mass fraction distributions of reacting H, for
different values of Ws at Ty = 300 K. The black lines are
pressure contours representing the detonation waves and
shock wave surfaces.

However, the reacting hydrogen distribution when
Ws = 1.0 mm is less homogeneous than when W = 0.4 mm. If
W5 continues increasing to 2.0 mm, there is a larger reacting
hydrogen free zone between two reacting hydrogen zones,
which means there is less reacting hydrogen, and its distri-
bution is less homogeneous. For Ws = 3 mm, the reacting
hydrogen free zone is larger, and no detonation wave is
observed from Fig. 5(c). Qualitatively, the reacting hydrogen
distribution is less homogeneous as the injection width Wg
increases. This means the mixing of hydrogen and oxygen is
insufficient, which heavily influences detonation wave prop-
agation. For Wg = 0.4 mm, the detonation wave propagates
relatively stable in the well-distributed combustible gas.
However, for Ws = 1 mm and 2 mm, the propagation process is
like that of a normal detonation wave propagating in an
inhomogeneous gas mixture, first passing through the inert
gas layer and then the combustible gas layer. Therefore, the
propagation of a detonation wave always involves re-
initiation and quenching. For a larger injection width, the
reacting hydrogen-free zone is larger, and the detonation
wave cannot propagate in this field because the incombustible
gas zone is now too large [53,54].

Fig. 11 shows the mass fraction distributions of reacting
hydrogen for Ws = 3 mm with different To. The results suggest
that the reacting hydrogen distribution in the unburned
triangular zone does not change significantly as Ty increases

I -

H2_reac: 0.005 0.01 0.015 0.02 0.025
T, = 400K
WWW JANANRYY

x(m)

Fig. 11 — Mass fraction distributions of reacting H, for

Ws = 3 mm at different injection stagnation temperatures.
The black lines are pressure contours representing the
detonation waves and shock wave surfaces.

from 400 K to 600 K, which means the width of the incom-
bustible zones (containing only oxygen or hydrogen) has little
change. However, for Ty = 700 K, the reacting hydrogen de-
creases heavily because the combustible gas in the mixing
layer spontaneously combusts. We conclude that the reacting
hydrogen distribution is insensitive to the injection stagnation
temperature Tp when there is no spontaneous combustion.
Increasing T, favors initiation and stable propagation of
detonation waves, even leading to a chaotic mode. However,
Fig. 11 shows that increasing T, has little effect on the mixing
of hydrogen and oxygen. Increasing the combustible gas
temperature generally increases the chemical reactivity of the
combustible gas. Therefore, quantifying the effect of injection
stagnation temperature requires introducing another param-
eter to represent the chemical reactivity of the mixture in the
unburned triangular zone. The kinetic parameter r is intro-
duced and defined as
1 T1
T = (15)
where 71 and 7 represent the induction delay time and
exothermic delay time of a ZND detonation wave in an un-
burned triangular zone respectively. The induction time and
the exothermic time are usually used to evaluate the deto-
nation instabilities that have a huge influence on detonation
combustion [55]. Since the incomplete mixing under the


https://doi.org/10.1016/j.ijhydene.2022.09.051
https://doi.org/10.1016/j.ijhydene.2022.09.051

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 (2022) 38811—38822

38819

condition of non-premixed injection, we first calculate the
one-dimensional ZND detonation wave, and its averaged
temperature/pressure and equivalence ratio are obtained by
considering the density-weighted method.

n n n
P
Z(Tl X sz.veacting.i) Z(pl X sz,reactng-,i) Z r\;{;;
o i=1 — _i=1 — i=1
T="+ P="% o=, — (19)
i
E szvreacting i sz,reacting.i 2. Z Mé
i=1 ' i=1 =1 2

Fig. 12 shows the parameters « and t as functions of in-
jection width Ws and injection stagnation temperature T.
The black and red curves in Fig. 12(a) show the trends of the
kinematic parameter « and kinetic parameter = with injec-
tion width Wy respectively. The black curve drops with
increasing Ws, but the red curve is horizontal. For To = 300 K,
the kinematic parameter « decreases with increasing injec-
tion width, but the kinetic parameter r changes little. In
contrast, for Ws = 3 mm, 7 increases with increasing injec-
tion stagnation temperature. The kinematic parameter « is
largely unchanged when the injection stagnation tempera-
ture increases from 300 K to 600 K, but decreases when T,
increases to 700 K because of the spontaneous combustion in
the unburned triangular zone. We can conclude that
increasing the injection width decreases the kinematic
parameter «, which means the mixing of hydrogen and ox-
ygen is less sufficient. Therefore, increasing the injection
width hampers detonation wave propagation. However,
increasing the injection stagnation temperature increases
the kinetic parameter 7, which means the chemical reactivity
of the mixture is enhanced. That is, increasing the injection
stagnation temperature favors initiation and stable propa-
gation of a detonation wave, even leading to a chaotic mode
in the combustor.

This study conducted further simulations to study the
relations between detonation wave patterns and injection
stagnation temperature and injection width. We propose a
criterion to predict the propagation pattern to make it easy to
regulate and control combustion in the combustor. Fig. 13
shows three kinds of propagation patterns plotted in terms
of the parameters « and 7. Two critical curves demarcate the
section of stable propagation of the detonation wave in the
combustor. We observe that there are two critical values of «
for a specific value of 7. These are the initiation critical value
aqi and chaotic combustion critical value ag.. When o < agyi,
no detonation wave is observed in the combustor, which
means the detonation wave fails to initiate, and the flow field
is like that in Fig. 5(c). When « > ac., the chaotic mode is
observed in the combustor, as in Fig. 2 (c). One or more
detonation waves propagate stably in the combustor when
Qeri < @ < Qge. This is an ideal RDE combustion state. In
addition, «; decreases with increasing r, but the decrease is
not sharp. The upper threshold . also decreases with
increasing 7, but the decrease is sharp. Notably, only for a
higher 7, the chaotic combustion critical value ac. exists.
This means there will be no chaotic mode in the combustor
even for large « when 7 is too small.

In summary, the chemical reactivity and mixability are
denoted by the kinematic parameter o and kinetic parameter
7. The mixability of air and hydrogen is dominated by the
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Fig. 12 — o and ¢ as functions of (a) Ws at T, = 300 K and (b)
To at Ws = 3 mm.
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Fig. 13 — Critical condition for stable detonation
propagation.

injection slot width, while the chemical reactivity is sensitive
to the temperature. Increases the injection slot width, the
hydrogen and air mixing more insufficiently, which leads to
the « decrease. The kinetic parameter 7 increases with the
stagnation temperature, while is insensitive to the injection
slot width. Under a higher 7 (higher chemical reactivity), the
detonation cannot be initiated when the mixability is too
insufficient. While spontaneous combustion will be observed
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when the mixability is sufficient. The stable detonation
mode is observed only when mixability is median. Similarly,
with increases of r, the detonation propagation mode goes
through the stage of failed detonation, stable propagation,
and chaotic mode.

Conclusion

Using a detailed hydrogen/air reaction model together with
the N-S equations, two-dimensional rotating detonation
combustors with separate injection slots are simulated
numerically. The injection stagnation temperature and slot
width were adjusted to examine the effects of chemical
reactivity and mixing efficiency on RDW propagation patterns.

Results show that the detonation propagation pattern is
dominated by the injection stagnation temperature and slot
width. Increasing injection temperature can increase the
number of detonation waves. The chaotic mode is observed
when the slot width is smaller than a critical value under a
high stagnation temperature. Increasing the slot width can
change the detonation propagation pattern from the chaotic
to stable mode, and even quench the detonation. It is because
the hydrogen and air in the unburned triangular zone are
inhomogeneous. When the injection width is too large, the
mixing of hydrogen and oxygen will become highly insuffi-
cient, and the fuel-rich and fuel-lean zones exit in turn in the
triangular zone. The detonation wave cannot propagate in a
zone that only has fuel or oxidant, so no detonation wave is
observed. However, a higher injection stagnation temperature
is more beneficial to the reaction of the fresh mixture and
improves the detonation limits under the non-uniform sce-
nario. Hence, the detonation waves have been again observed
even for large slot widths. But extremely high temperature
probably causes a chaotic mode, in which detonation waves
are generated randomly by the local explosion.

Furthermore, this paper introduced two non-dimensional
parameters, the kinetic parameter r and kinematic «, which
represent the chemical reactivity of the mixture and the
mixing efficiency of hydrogen and oxygen, respectively. The
7—a plane is divided into three sections: a failed detonation
zone, a stable detonation zone, and a chaotic combustion
zone. There are two critical values a; and . for a specific 7.
No significant detonation wave is initiated for a < ai, while a
chaotic RDW mode can be observed for a > o A stable single-
wave or dual-wave detonation occurs only when ai < o < agre.
Notably, the chaotic mode is only observed in high chemical
reactivity. There will be no chaotic mode even for large a if 7 is
too small. In other words, it is not conducive to the stable
propagation of detonation wave for both too insufficient and
sufficient mixing under a high chemical reactivity. The prop-
agation patterns can be forecasted and controlled using the
injection width and stagnation temperature.
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