RESEARCH ARTICLE | DECEMBER 12 2022

Effect of mole weight ratio of reaction on propagation of
cellular detonations

Haoyang Li (552}%); Kepeng Yao ($53H8); Ruixin Yang (E4g8); ... et. al

’ '.) Check for updates ‘

AIP Advances 12, 125011 (2022)
https://doi.org/10.1063/5.0092993

. CrossMark
@

View Export
Online  Citation

"
0
O
c
©
>
©
<
=
<

Articles You May Be Interested In

Reactive dynamics for Zn ( 3 P)+ H 2 /D 2 /[HD—ZnH/ZnD+H/D : Rotational populations in ZnH/ZnD
products

J. Chem. Phys. (January 1999)
On the Existence of Pathological Detonation Waves
AIP Conference Proceedings (July 2004)

Entropy production in ZND detonation with realistic equations of state for explosives and products

AIP Conference Proceedings (May 1996)

AIP Advances
Special Topic: Medical Applications

of Nanoscience and Nanotechnology

AIP

AlIP Submit Today! lé_ Publishing

é/_‘_ Publishing

Jpd-auluo LT LL0GZL/E8E L LYILIE662600°G/€90L 0L /10p/pd-ajonie/Ape;/die/Bio-diesqnd/:dny woy pepeojumoq


https://pubs.aip.org/aip/adv/article/12/12/125011/2819689/Effect-of-mole-weight-ratio-of-reaction-on
https://pubs.aip.org/aip/adv/article/12/12/125011/2819689/Effect-of-mole-weight-ratio-of-reaction-on?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/adv/article/12/12/125011/2819689/Effect-of-mole-weight-ratio-of-reaction-on?pdfCoverIconEvent=crossmark
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.1063/5.0092993
https://pubs.aip.org/aip/jcp/article/110/1/229/474910/Reactive-dynamics-for-Zn-3P-H2-D2-HD-ZnH-ZnD-H-D
https://pubs.aip.org/aip/acp/article/706/1/902/727123/On-the-Existence-of-Pathological-Detonation-Waves
https://pubs.aip.org/aip/acp/article/370/1/353/767363/Entropy-production-in-ZND-detonation-with
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2073912&setID=592934&channelID=0&CID=758459&banID=521009778&PID=0&textadID=0&tc=1&adSize=1640x440&matches=%5B%22inurl%3A%5C%2Fadv%22%5D&mt=1683530304950917&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fadv%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0092993%2F16471383%2F125011_1_online.pdf&hc=fabfad2b9537ebfcdc28778054c2e2e9e944e8df&location=

scitation.org/journal/adv

AIP Advances ARTICLE

Effect of mole weight ratio of reaction
on propagation of cellular detonations

Cite as: AIP Advances 12, 125011 (2022); doi: 10.1063/5.0092993 @ Iﬁ @
Submitted: 25 March 2022 - Accepted: 19 November 2022 «
Published Online: 12 December 2022

Haoyang Li (&%), (2 Kepeng Yao (#Ff)," > Ruixin Yang (17%i5%),"* and Chun Wang (£%)"*

AFFILIATIONS

' State Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences,
Beijing 100190, China
2School of Engineering Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

@ Author to whom correspondence should be addressed: wangchun@imech.ac.cn

ABSTRACT

The propagation of two-dimensional cellular detonations is investigated numerically using a one-step reversible reaction model. The effect
of the average mole weight ratio Wp/W4 of the product and reactant on the one-dimensional Zeldovich-von Neumann-Déring (ZND)
detonation and cellular detonation behavior is analyzed in detail. Several interesting cellular detonation phenomena are observed in the
numerical simulations. These can be divided into five categories according to the cell patterns of detonation, i.e., regular, relatively regular,
irregular, half-cell propagating, and decoupled detonation. The results indicate that differences in cell size under different values of Wg/W4
modify the cellular detonation behavior. The ZND detonation parameters under various Wg/Wj values are studied and related to the cell
size. The results show that the reaction zone length and maximum heat release rate are clearly influenced by Ws/W 4. Furthermore, for both
ZND detonation and cellular detonation, the reaction zone length decreases as Wp/W 4 increases, which effectively reduces the cell size.
To elucidate the effects of the reaction zone length on cell size, thermoacoustic instability theory is introduced to investigate the acoustic
perturbations in the reaction zone. This allows the correlation between the propagation frequency and cell number along the width of the
duct to be determined. Correlation analysis indicates that the cell number has a strong linear dependence on the perturbation frequency.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0092993

I. INTRODUCTION established. For example, the work of Knystautas et al.'* showed that

the critical diameter of detonation is ~13 times the detonation cell

Detonation wave is a kind of combustion wave propagating
with hypersonic speed.' * In reality, detonation waves exhibit com-
plex temporal and spatial behaviors during their initiation and prop-
agation in well-premixed detonable media. Various experiments
have shown that transverse waves propagate along the detonation
front and form complex multi-wave structures.”  After the combus-
tion of the detonation wave, cellular structures can be identified by
the smoke foil on the wall.” The cell size of these cellular detonation
wave artifacts inevitably depends on the properties of the premixed
detonable fuel mixture.'”'" Thus, the size of these cells can be used to
correlate the critical initiation energy and the critical diameter of the
detonation wave. Lee'” conducted numerous experiments on the cell
size produced by the detonation of hydrogen fuel and hydrocarbon
fuel in oxygen and air. Several correlations between the detona-
tion cell size and the critical initiation energy/critical diameter were

size (cell width), based on results covering various combustible mix-
tures with hydrogen or hydrocarbon fuel under different fuel equiv-
alent ratio conditions. By studying the energy loss and momentum
loss in the reaction-inducing area, Frolov and Gel'fand'* established
the empirical criterion for the limiting diameter of gas detonation.
The chemical reaction mechanism has a great effect on the
precision of simulating the detonation process. Computations with
elementary mechanisms are the most accurate method, but they are
computationally expensive.'® Relatively simplified mechanisms such
as two-step models obtain a good balance between computational
cost and precision, so they are widely used in simulations of cellular
detonation,'®"” oblique detonation, ! and so on.”>*° The depen-
dence of the cell size of gaseous detonation on the chemical reaction
kinetics has attracted considerable attention from researchers in
the field of detonation. Both simplified chemical reactions’ ' and
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elementary chemical reactions’” " have been introduced to numer-
ical studies on the effect of the chemical reaction model on the
detonation cell size.

Oran et al.”” adopted a one-step model to simulate the prop-
agation of the detonation and obtain a clear cell structure, while
Westbrook et al.”**’ simulated detonations using a one-step model
to determine the optimal model parameters. Taileb ef al.’! studied
the influence of the equation of state on the cellular structure of
gaseous detonations using a one-step model and found that real gas
effects alter the multi-cellular structure of gaseous detonations at ele-
vated pressures. Oran et al.’” studied the evolution process of the cell
structure using a detailed reaction mechanism and found that the
activation energy and pre-exponential factor are key components in
determining the detonation cell structure. Shchelkin and Troshin®
first proposed that the cell width measured in experiments may be
related to the reaction length. Gavrikov et al.’* analyzed the relation-
ship between the characteristic reaction length and the width of the
detonation cell through numerical simulations using a detailed reac-
tion mechanism. They concluded that the width of the cell and the
characteristic reaction length can be related by a formula under spe-
cific conditions. Eaton et al.”® adopted this method in their research
on the CH4-O; detonation with an elementary mechanism. Taylor
et al.*° also used this method in their simulation of H,~O,-Ar sys-
tems. Wang et al.”” assessed the effects of spatially inhomogeneous
mixtures on the local explosion and subsequent cellular detonation
development. Xu et al.*® studied the propagation and extinction of
stoichiometric hydrogen/air detonations in fine water sprays.

In this paper, the effect of the mole weight ratio of the chemical
reaction on the propagation of cellular detonation is investigated.
A one-step reversible reaction is used to simulate the study object.
For the chemical reaction of a gaseous mixture, the ratio of the mole
weight of the reaction product to that of the reactant is a critical para-
meter for detonation initiation and propagation, but it has not been
studied separately. For detailed reaction models, the mole weight is
coupled with other parameters. For one-step and two-step models,
the mole weight is set to be a fixed parameter, which is reflected in
a fixed gas constant. For the chemical reaction of a gaseous mixture,
the ratio of the mole weight of the reaction product to that of the
reactant is a critical parameter for detonation initiation and propa-
gation, but it has not been studied. In general, if the mole weight of
a gaseous mixture decreases after a chemical reaction, the gaseous
reactant has been dissociated to relatively smaller molecular prod-
ucts, as widely observed in the combustion of hydrocarbon fuel. On
the contrary, if the mole weight of a gaseous mixture increases after
a chemical reaction, then the gaseous reactant combines to form
relatively larger molecular products, such as in hydrogen combus-
tion. Here, we use a one-step reversible chemical reaction model for
cellular detonation simulations with finite reaction rates. Given the
average mole weight of the reactant W4 and the average mole weight
of the product W, the ratio of the mole weight of the reaction
Wpg/Wy4 is introduced, and its effect on the propagation of cellular
detonation is studied numerically.

Il. PHYSICAL PROBLEM AND NUMERICAL METHOD

The geometry of the simulation domain is a two-dimensional
channel of width 5 mm and length 125 mm. This is discretized on
a 10001 x 401 mesh. Initially, the high-temperature, high-pressure
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FIG. 1. Computational domain for detonation simulations.

ignition region is located at the left side of the domain, and the
remainder of the domain is full of a well-premixed combustible
mixture. All boundaries are assigned inviscid slipping boundary
conditions because viscosity is not very important for the directional
initiation of high-energy detonation. The simulated physical model
is shown in Fig. 1. After the detonation is initiated, the small distur-
bances behind the detonation front gradually increase and develop
into transverse waves propagating perpendicular to the detonation
front.

Similar to previous studies,” * the inviscid assumption is con-
sidered in the present study. The two-dimensional reactive Euler
equations are solved numerically, and the one-step chemical reac-
tion model is adopted. The Euler equations include the mass conser-
vation equation, momentum equation, energy equation, and species
equation. The one-step chemical reaction model uses a simplified
hydrogen reaction model with three control parameters: chemical
reaction heat Q, chemical reaction rate coefficient kf, and chem-
ical activation energy E,. The control equations in the Cartesian
coordinates are expressed as*’

oU OF 0G _

N + I + ay " S, (1)
p pu pv 0
pu pu2 +p puv 0
U=qpv F= puv  » G={ p+p 1 S={0p (2
PE u(pE +p) v(pE +p) 0
pA pul pvA pw

where p, p, u, v, and E are the density, pressure, x and y components
of velocity, and inner energy, respectively. A represents the chemi-
cal reaction progress variable. @ is the reaction source term of the
reactive species. The inner energy E is formulated as

P 1.5 2 _
E_pi(y—l)JrZ(u +v)+(1-1)Q, (3)

where y is the constant specific heat ratio of the gas mixture. In this
paper, the chemical reaction source term @ of the one-step chemical
reaction model is expressed as

. E, E,
w=(1-A)ks exp(—m) - Ak exp(—Ro—T), (4)

where k; and k;, represent the forward and reverse reaction rate coef-
ficients, respectively. For a reversible chemical reaction, k;, = ks/m.,
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where 7, is the equilibrium constant. E,;, Ro = 8.3143 (J/mol)/K,
and T in the above-mentioned equation are the activation energy,
general gas constant, and temperature, respectively. If R4 = Ro/Wa
and Rp = Ro/Wp are given as the gas constants of the reactant and
product, respectively, where W is the mole weight of the reactant
and Wp is the mole weight of the product, then T is given by the
following gas state equation:

p/p=[(1-A)Ra + AR5]T. (5)

The two-dimensional reactive Euler equations are numeri-
cally solved by the second-order nonoscillatory nonfree dissipative
(NND) finite difference scheme.* The Steger-Warming flux vector
splitting technology and minmod function are used to capture the
shock discontinuity, which is effective in the numerical simulation
of shock waves and detonation wave propagation. For the one-step
chemical reaction model considered in this paper, the control para-
meters include kf, 7le> Ea, Q, y, Wa, and W, as well as the initial state
parameters po, po, and To.

The parameters of the reactive gas ahead of the detonation are
assigned as follows: initial pressure py = 1 x 10° Pa, initial temper-
ature Ty = 300 K, and gaseous specific heat ratio y = 1.4, which
are close to the properties of air under standard atmosphere con-
ditions. The one-step chemical reaction model is parameterized as
follows: reaction rate coefficient kf = 8.5 x 108, chemical equilib-
rium constant 7, = 0.05, activation energy E, = 2 x 10° J/mol,
and chemical heat Q = 1.58 x 10° kJ/kg. The dimensionless
activation energy is approximately E, = Es/RoTo = 80.18, and the
dimensionless chemical heat is Q = Q/Ra Ty = 17.74.

The mole weight of the reactant is selected as
W4 =0.028 kg/mol, and the mole weight of the product varies in the
range Wp = 0.014-0.035 kg/mol, giving a mole weight ratio range
of Wp/W4 = 0.57-1.25. The effect of the mole weight ratio of the
chemical reaction on the propagation of cellular detonation is the
focus of this paper. Artificial perturbations are not required because
the numerical perturbations gradually grow and develop into strong
perturbations if the computation domain is sufficiently long.

I1l. RESULTS AND DISCUSSION

A. Steady traveling wave solution for Zeldovich-von
Neumann-Déring detonation

Before starting to investigate the two-dimensional numeri-
cal cases, the one-dimensional Zeldovich-von Neumann-Doéring
(ZND) detonation structure is first studied under different mole
weight ratios Wp/Wy4. As Wy is constant in this study, W/W4 is
adjusted by changing W3. The chosen chemical reaction model and
parameters are almost consistent with the above-mentioned two-
dimensional cases. However, the chemical reaction rate coefficient
ky is different, and it is adjusted such that the half-reaction zone has

TABLE I. Summary of parameter settings.

scitation.org/journal/adv

a unit length when W = 0.028 kg/mol. The chosen parameters are
listed in Table 1.

The ZND profiles for the pressure p, velocity u, reaction pro-
cess A, and heat release rate or under different values of Wp are
shown in Fig. 2. From Figs. 2(a) and 2(b), we find that the pres-
sure and velocity of the Chapmen-Jouguet (CJ) state are the same
for different values of Wg/W 4 and their variation trends become
gentler as Wp/W, decreases. The chemical reaction process vari-
able A does not reach 1 because we consider a reversible reaction,
as shown in Fig. 2(c). The reaction zone length is defined as the
distance between the leading shock and the location of the 95% reac-
tion process, marked in Fig. 2(c) by the colored dots. Obviously, the
reaction zone length increases with increasing Wp/Wa. Figure 2(d)
indicates that the rate of heat release is influenced by Wp/W, and
a decrease in Wg/W4 reduces the maximum of oz sharply. In addi-
tion, the distance between the location of maximal or and the shock
surface becomes longer. Therefore, the plots of the heat release rate
tend to become flatter as W/ W4 decreases. When the heat release
rate is sufficiently small, the energy released per unit time is too small
to support the self-sustaining propagation of the detonation wave.
Thus, we have reason to speculate that the shock front will decou-
ple from the chemical reaction and the detonation will be quenched
when Wpg/W 4 reaches a certain threshold.

B. Categories of cellular detonation behaviors

As the average mole weight of product Wp varies from 0.016
to 0.035 kg/mol, i.e., the mole weight ratio of the chemical reaction
Wpg/Wy4 = 0.57-1.25, several typical and interesting cellular deto-
nation behaviors can be observed in the numerical simulations. In
the following numerical cases, the other control parameters of the
chemical reaction, such as kf, Tle» P> Ea, and Q, are fixed, and only the
effect of the mole weight ratio of the chemical reaction is considered.
According to the cell patterns of stable detonation, the cellular det-
onation behaviors are divided into five categories according to the
value of Wp: regular, relatively regular, irregular, half-cell propagat-
ing, and decoupled detonation, as shown in Table II. The behavior
of each type of cellular detonation is now discussed.

1. Relatively regular propagating detonation

First, the case in which the mole weight is the same before
and after the reaction is simulated, that is, the mole weight ratio
Wg/Wj = 1.0. The cellular structures, instantaneous pressure, and
density distributions are illustrated in Figs. 3(a)-3(c). After detona-
tion initiation and a long period of detonation propagation, the small
perturbations of the numerical simulation develop into strong trans-
verse waves propagating along the detonation front. The cellular
cells can be clearly identified by recording the local peak pres-
sure history, which is created by the strong fluid shear interaction
induced by the movements of triple points on the detonation front.

Ro [(J/mol)/K] Ty (K) W4 (kg/mol)

Ea* (J/mol)  Ea

q" (J/kg) q ks

8.3143 300.0 0.028

2x10° 80.2

158 x 10°  17.75 1567734

AIP Advances 12, 125011 (2022); doi: 10.1063/5.0092993
© Author(s) 2022

12, 125011-3

Jpd-auIiuo” L 7L LOSZH/EBE L LYOL/IEB62600°S/E90 401 /10P/Pd-ajo1e/ADE/diE/Bi0"die'sqnd;/:diy woy papeojumog


https://scitation.org/journal/adv

AIP Advances

ARTICLE scitation.org/journall/adv

W,=0.028
W,=0.026
W,=0.024
W,=0.022
W,=0.020
10 20 :
x/L,, FIG. 2. ZND profiles of (a) pressure, (b)
temperature, (c) reaction process, and
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The cellular structure is relatively regular over the whole flow field,
although there exists local self-organized evolution of the detonation
cell size due to the limit of the wall boundary conditions. The pres-
sure distribution shown in Fig. 3(b) illustrates the strong transverse
shock waves propagating along the detonation front. The density
distribution shown in Fig. 3(c) illustrates the local complex wave
structures near the triple points and the unreacted reactant behind
the detonation wave.

Figure 4 presents the dimensionless peak pressure on the lower
wall in the case of Wg/W 4 = 1.0. During the initiation and evolution
of numerical detonation, there are three distinct stages of evolution,
that is, detonation ignition, unstable detonation, and stable deto-
nation. In the detonation ignition stage, the perturbations in the
flowfield are negligibly small. In the unstable detonation stage, the
small numerical perturbations increase gradually, developing into
strong disturbances in the flowfield and forming transverse waves
on the detonation front. The fluctuations in peak pressure behind
the detonation front are mainly caused by the strong interactions of
transverse waves coupling with the collision of triple points on the
detonation front. In the stable detonation stage, the fluctuations in

TABLE . Categories of cellular structure under different values of Wg.

Wg Cellular detonation
>0.034 Regular
0.028-0.033 Relatively regular
0.019-0.027 Irregular
0.017-0.018 Half-cell propagating
<0.016 Decoupled detonation

peak pressure are rather periodic because of the relatively regular
propagation of the leading detonation wave.

2. Regular propagating detonation

Next, we consider a numerical case with a high mole weight
of the product Wp = 0.035 kg/mol, that is, the mole weight ratio
of the product to the reactant is Wp/Wy4 = 1.25. The numerical
simulations used the same control parameters of the chemical reac-
tion and the same computational mesh. Figures 5(a)-5(c) show the
numerical results in the current situation. From Fig. 5(a), we see
that the fully developed detonation is quite regular but the cell
size in this case is smaller than that for Wg/Wy4 = 1.0. After det-
onation ignition, the perturbations quickly develop into regularly
propagating transverse waves. The regular detonation stage then
maintains itself, and the cellular structures become quite uniform.
From Figs. 5(b) and 5(c), it appears that the pressure and density
are more uniform than those for Wg/W4 = 1.0 due to the smaller
cell size.

Figure 6 shows the dimensionless peak pressure on the lower
wall with W/ W4 = 1.25. In the unstable detonation stage, the small
numerical perturbations gradually increase and develop into strong
disturbances, with transverse waves on the detonation front. The
period of peak pressure fluctuations behind the detonation front is
very short because of the small cell size of the detonation wave. Due
to the limitations of the mesh resolution, the amplitude of the peak
pressure fluctuations is smaller than that with lower mole weight
ratios.

3. Irregular propagating detonation

Figure 7 shows the numerical detonation results for the case of
Wpg = 0.020 kg/mol, that is, the mole weight ratio Wp/W4 = 0.71.
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FIG. 4. Dimensionless peak pressure along the lower wall with Wg/W, = 1.0.

In this situation, the mole weight of the product is lower than that
of the reactant, representing the reactant being dissociated to rela-
tively small molecules after the chemical reaction. According to the
numerical results shown in Fig. 7(a), the cell size of stable detona-
tion in this case is larger than that for Wg/Wy4 = 1.0. The conclusion
is that the cells become larger as the mole weight of the chemical
reaction product decreases. From the pressure and density distribu-
tions of the detonation flow field shown in Figs. 7(b) and 7(c), there
are fewer transverse waves and triple points on the detonation front.
The cellular structures recorded by the local pressure peak are not
very regular, and there are several cellular modes, which correspond
to cells of different sizes. With fewer triple points on the detonation
front under the same channel width, the detonation front becomes
more curved as the detonation cell size increases. In addition, the
pressure and density are nonuniform behind the detonation front.
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x/m

0.115
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FIG. 3. Numerical detonation with the
mole weight ratio Wg/W, = 1.0. (a) Cel-
lular structure; (b) pressure contours; (c)
density contours.
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FIG. 6. Dimensionless peak pressure along the lower wall with Wg/Wy = 1.25.

Some eddies can even be observed in the downstream zone far from
the wave front, as shown in Fig. 7(c).

Figure 8 shows the dimensionless peak pressure on the lower
wall in the case of Ws/W4 = 0.71. The fluctuation period of fully
developed detonation in this case is longer than that with a larger
mole weight ratio. While the cell size of detonation increases, the
fluctuation period increases with a lower mole weight ratio of the
chemical reaction. During the initiation and evolution of numeri-
cal detonation, there are three distinct stages: detonation ignition,
unstable detonation, and stable detonation. In the unstable detona-
tion stage, the pressure fluctuations do not vary continuously. The
nonlinear waves inducing the cellular detonation develop stage by
stage, accompanied by the gradual recombination of cellular struc-
tures. The increase and development of the perturbation wave are
rather nonlinear.

FIG. 5. Numerical detonation with the
mole weight rato Wg/W, = 1.25.
(a) Cellular structure; (b) pressure con-
tours; (c) density contours.
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FIG. 8. Dimensionless peak pressure along the lower wall with Wg/W, = 0.71.

4. Half-cell propagating detonation

Figure 9 shows the numerical results for the detonation wave
in the case of Wp = 0.017 kg/mol, that is, the mole weight ratio
Wp/Wy4 = 0.61. From Fig. 9(a), it can be seen that the detonation
cells become rather irregular due to the limitations of the bound-
ary of the duct. Only about half a cell can be observed at the exit
of the duct, that is, the cell size of detonation at the exit is twice the
duct width. This matches the “half-cell” law identified in Ref. 43. The
evolution of the cellular structure is rather complex because non-
linear waves are generated in the flow field. As shown in Figs. 9(b)
and 9(c), there is one dominant triple point on the detonation front
moving between the boundary walls, which connects the incident
shock to the Mach stem, transmitting shock, and shear layer. The
propagation of detonation is mainly supported by the interaction of
the shock wave, Mach stem, and chemical reaction wave. Behind the
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FIG. 7. Numerical detonation with the
mole weight rato Wg/W, = 0.71.
(a) Cellular structure; (b) pressure con-
tours; (c) density contours.
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FIG. 10. Dimensionless peak pressure along the lower wall with Wg/W4 = 0.61.

detonation front, there are many isolated reactant packets that have
not reacted. The half-cell propagating detonation is a critical prop-
agating state for cellular detonation. Any further increase in the cell
size of detonation may cause the detonation to become decoupled to
the point where it cannot sustain itself.

Figure 10 shows the dimensionless peak pressure on the lower
wall in the case of half-cell propagating detonation. Large-amplitude
pressure fluctuations can be observed, and the period of detona-
tion oscillation increases significantly, which is very similar to the
initiation and propagation of one-dimensional pulsating detonation
waves.

5. Decoupled detonation limited by boundaries

When the mole weight ratio of the chemical reaction decreases
further, the cell size of detonation for the given gaseous mixture
will increase. Due to the limitations of the boundary walls of the

FIG. 9. Numerical detonation with the
mole weight ratio Mg/M, = 0.61. (a) Cel-
lular structure; (b) pressure contours; (c)
density contours.
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duct, the detonation cannot be self-sustained. Figure 11 illustrates
the detonation behavior in the case of Wy = 0.016 kg/mol, that is,
the mole weight ratio Wg/W,4 = 0.57. Initially, the detonation is
directly ignited, and the chemical reaction is strongly coupled with
the leading shock wave. The small perturbations of the numerical
simulations then increase and develop into transverse waves prop-
agating along the detonation front, whereupon the regular cellular
detonation forms and adjusts itself to the proper cell size stage by
stage. The collision of transverse waves with the wall boundary plays
an important role in the splitting and recombination of the cellular
structure. Finally, the cell size of detonation is too far beyond the
width of the duct, and the collisions of transverse waves are sup-
pressed. At this point, the chemical reaction is decoupled from the
leading shock wave, and the detonation wave is gradually quenched.
The numerical results show that the cellular detonation wave cannot
sustain itself in when the width of the duct is less than half of the
cell size of the detonation wave. Of course, this conclusion refers to
the numerical conditions, and the energy loss by heat transfer on the
wall is negligible.

Figure 12 shows the dimensionless peak pressure on the lower
wall in the case of detonation decoupling. Periodic pressure fluc-
tuations occur in the unstable detonation and regular detonation
stages before the detonation reaches the position x = 0.08 m. After
this point, the detonation begins to decouple, and the fluctua-
tions in detonation pressure decay. Finally, the detonation pres-
sure gradually weakens, indicating that the detonation is eventually
quenched.
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FIG. 12. Dimensionless peak pressure along the lower wall with Wg/W, = 0.57.
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FIG. 11. Numerical detonation with the
mole weight ratio Wg/Wy = 0.57. (a)
Cellular structure; (b) pressure contours;
(c) density contours.

C. Correlation between one-dimensional ZND
structure and two-dimensional cellular detonation

1. Effect of ZND parameters on cell size

According to the numerical investigation in Subsection III A,
the cell size of detonation increases with the decreasing mole weight
ratio of the chemical reaction over the range Wp/Wy4 = 0.57-1.25.
The numerical simulation results can be correlated by showing the
relationship between the cell size and mole weight ratio, as shown
by the red line in Fig. 13. In addition, the reaction zone length
and the maximum heat release rate opmax with respect to the mole
weight ratio Wg/W 4 are shown by the black and blue lines, respec-
tively. The correlation covers the mole weight ratio range Wg/W4
= 0.57-1.0. The changes in the reaction zone length and cell size
vs Wg/W 4 exhibit good consistency. Larger values of W/ W4 give
a smaller reaction zone length, and the rate of decrease becomes
smaller as Wp/W4 increases. However, the changes in the max-
imal heat release rate exhibit the opposite tendency. As Wg/W4
increases, the maximal heat release rate increases rapidly, which
results in the closer coupling of the leading shock front and chemical
reaction.

Numerical results for the temperature field with 95% A contours
(black solid lines) and the shock front (white solid lines) under dif-
ferent values of Wp are shown in Fig. 14. The reaction zone length
is defined as the distance between the leading shock front and the
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FIG. 13. Variation in cell size with respect to the mole weight ratio of the reaction.
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FIG. 14. Numerical results of pressure with 95% A contours (black solid lines) and
shock front (white solid lines) under different values of Wg/Wa: (a) 1.0, (b) 0.82,
(c) 0.75, (d) 0.71, () 0.64, and (f) 0.57.

location of 95% A, i.e., the distance between the black and white solid
lines. Unlike the one-dimensional ZND structure, the reaction zone
length is nonuniform along the direction of duct width because of
the complex multi-wave structures on the detonation wave front.
However, the macroscopic changes in the reaction zone length as
Wp/Wy4 varies can be clearly observed. As Wp/Wy decreases, the
reaction zone length increases, which is qualitatively consistent with
the conclusion for the one-dimensional ZND structure. In addition,
reducing Wg/W 4 leads to a drop in temperature behind the leading
shock wave. There are two main reasons for this. First, the temper-
ature of the CJ state is significantly influenced by W/Wa. Second,
the change in the heat release rate with Ws/W4 modifies the flow
field temperature. Generally, a higher heat release rate will result in
a higher temperature.

2. Thermoacoustic instability theory analysis
of cell size

Thermoacoustic instability, also known as combustion instabil-
ity,"” is encountered in subsonic flow fields, such as in gas turbine
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FIG. 15. Schematic representation of the pressure distribution across a CJ
detonation with thermoacoustic instability modes.

boilers and aero engines. The theory is widely applied in the study of
combustion instability phenomena in supersonic combustion ram-
jets (scramjets)"(”’:“ because various subsonic zones exist in scram-
jets, such as the boundary layer and recirculation zone. However,
thermoacoustic instability theory has not been previously applied in
the field of detonation.

The flow field in the reaction zone behind the leading shock
is subsonic relative to the leading shock, which provides suitable
conditions for applying thermoacoustic instability theory to deto-
nation waves. As shown in Fig. 15, the instabilities are excited by
the feedback loops between the leading shock and the end location
of the exothermic reaction zone. There are two kinds of feedback
loop in the reaction zone, i.e., the acoustic-acoustic (A-A) feedback
loop and the convection-acoustic (C-A) feedback loop, as shown
in Fig. 15. The former occurs because the small perturbance gener-
ated by unsteady heat release propagates to the shock front at sonic
speed and interacts with the leading shock to create flow oscilla-
tions. These flow oscillations then propagate to the end location of
heat release in the form of sound waves to enhance the unsteady
heat release. In the propagation process of the small perturbations
from the end location of heat release to the leading shock, the C-A
feedback loop is the same as the A-A feedback loop. Differently, the
flow oscillations propagate to the end location of heat release in the
form of vortex waves and entropy waves, i.e., the propagation speed
is only the flow field velocity u. Finally, the feedback forms a closed
loop.

To investigate the characteristics of the two feedback loops
quantitively and explore their relation with the cell size, the
frequency of each kind of feedback loop is calculated as

1
fa—a = X d X dx ’ ©)
Mol M
1
fo——a = (7)

o d e
S Lo

where a, u, x., and x, represent the sound velocity, flow field veloc-
ity, end location of the exothermic reaction zone, and location of
the leading shock front, respectively. fa.4 and fc.a are plotted with
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FIG. 16. Variation in feedback frequency with respect to the mole weight ratio of
the reaction.

respect to the mole weight ratio Wg/W4 in Fig. 16. Both frequencies
increase with increasing W/W 4. Higher frequencies enhance the
perturbations and increase the maximal heat release rate, resulting
in a reduction in cell size.

As a detonation propagates in a tube, its propagation behav-
ior is strongly dependent on the boundary conditions. Therefore, we
hope to find a parameter that includes the duct diameter D and cell
size Cr. The ratio of D and Cy, that is, the cell number along the
diameter of the tube, is considered as a parameter, and its correla-
tion with the feedback frequencies is studied. A larger value of D/Cr
produces a cellular detonation wave that is less affected by the duct
wall. The relations between the cell number and feedback frequen-
cies are shown in Fig. 17. Clearly, the cell number along the diameter
of the duct increases with increasing frequency. The solid lines
represent the linear fit of different frequencies and cell numbers. The
linear fitting formula is N = af + b, and the relevant parameters are
listed in Table III.
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FIG. 17. Variation in feedback frequency with respect to the mole weight ratio of
the reaction.
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TABLE lII. Relevant parameters of linear fitting formulas.

a b SSE R-square RMSE
C-A 19.21 1.648 0.7439 0.9861 0.3049
A-A 23.81 1.515 0.6475 0.9879 0.2845

From Table 111, it can be seen that the coefficients of determi-
nation (R-square) of the two kinds of frequencies are greater than
0.985, which indicates that the cell number has a strong linear depen-
dence on the frequencies of the feedback loops. In addition, the
root mean square error (RMSE) and the sum of the squared error
(SSE) are both small, which demonstrates that the degree of dis-
persion between the cell number and linear fitting results is small.
The R-square value for the A-A feedback loop is larger than that for
the C-A feedback loop, and the SSE and RMSE of the A-A feed-
back loop are smaller than those of the C-A feedback loop. This
shows that the A-A feedback loop has a greater influence on the cell
number than the C-A feedback loop does.

3. Detonation speed defects under different mole
weight ratios

Figure 18 shows the average speed of the detonation waves
simulated in this paper. There are clearly detonation speed defects
as the mole weight ratio of the chemical reaction decreases. These
come from the increase in the cell size of the detonation waves and
the increase in the number of unreacted mixture packets behind
the detonation waves, as shown in Fig. 14. In the case of half-cell
propagating detonation with large cell sizes, the detonation speed
defects are much more serious and can reach about 10%. When
the mole weight ratio decreases further, the shock wave front will
decouple with the chemical reaction, and the detonation wave finally
quenches because the detonation speed defects are too much. As the
mole weight ratio increases, the cell size becomes smaller, and the
cell shape becomes more uniform, as shown in Figs. 3 and 5. The
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FIG. 18. Detonation speeds with respect to the mole weight ratio of the reaction.
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increase rate of detonation speed with the mole weight ratio will
become smaller. The detonation speed will tend to a fixed value in
the end.

IV. CONCLUSIONS

The chemical reaction is vital in the initiation and propagation
of cellular detonation. This paper has described a numerical inves-
tigation into the effect of the mole weight ratio of the product to
the reactant on the behavior of cellular detonation. The parameter
Wpg/W 4 was introduced to qualitatively study the ZND detonation
structure and variations in the cell patterns of detonation waves in a
duct of a certain width.

From the numerical results of cellular detonation propaga-
tion with different mole weight ratios, several detonation behaviors
occur: regular, relatively regular, irregular, half-cell propagating, and
decoupled detonation. The results also show that the detonation
cell size depends on the mole weight ratio Wz/W4 of the chem-
ical reaction, which can result in variations in cellular detonation
behavior. To investigate the relationship between the cell size and
Wp/W 4 further, one-dimensional ZND detonation parameters were
calculated, and two-dimensional numerical results were analyzed,
showing that the mole weight ratio controls the cell size by influ-
encing the reaction zone length. Larger values of Wg/W 4 produce a
smaller reaction region length and a smaller cell size. Thermoacous-
tic instability theory was introduced as a reasonable and innovative
method for elucidating the effects of the reaction zone length on
the cell size. The results show that acoustic perturbations play an
important role in the instability of the cellular detonation front.
The correlation between the propagation frequencies of the pertur-
bations and the cell number along the width of the duct was then
derived. Correlation analysis indicates that the cell number has a
strong linear dependence on the frequencies of these perturbations.

Based on the above-mentioned analysis, the effect of the mole
weight ratio should be considered in simulations of detonation
waves with simplified chemical reaction models to ensure appro-
priate behavior of gaseous detonation waves. As the detonation cell
size increases, obvious detonation speed defects are produced by the
increase in the number of unreacted mixture packets behind the
detonation waves.
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APPENDIX: GRID RESOLUTION TEST

In the paper, we choose W/W4 = 1.0 as a benchmark case to
carry out grid resolution test. As shown in Fig. 19, the grid sizes Ax
= L112/7.5, Ax = L/2/15, and Ax = Li/2/30 are performed and dis-
cussed; here, L1/, represents the half-reaction zone length. As in the
study by Lu et al.,! the release heat zone length L;, = 0.4 Ly, in this
case, that is, the grid sizes Ax = Ly, /3, Ax = L;,,/6, and Ax = L;,./12 are
shown in Fig. 19. According to previous work by Choi ef al.,”” a min-
imum of five grid points should be included in the heat-release zone
in order to achieve an accurate simulation of detonation cell struc-
tures. From Fig. 19(a), it can be seen that for the lowest resolution,
the cells are nearly uniform and unclear. Further refinement shows
that secondary shocks start to appear, which increases the irregu-
larity of the cellular structure. Nonetheless, cell widths of primary
cells with clearer boundaries are close, as shown in Figs. 19(b) and
19(c), when the grid spacing is halved. With increasing resolution,
the numerical simulation may reveal a secondary cellular structure
within the primary detonation cells. However, the multilevel cell
structure is beyond the scope of this work.

Figure 20 shows the cell size distributions under different grid
sizes in the domain shown in Fig. 19. These were obtained by
manually measuring all the cell sizes (50 samples per case) and
subsequently sorting the data by the number of occurrences of a
given scale, i.e., frequency (#). From Fig. 20, it can be seen that
the cell size distributions of Ax = Ly/2/7.5 and Ax = Ly;/15 are
very different while the cell size distributions of Ax = Li/,/15 and
Ax = Ly/2/30 are similar. Besides, the difference in the average cell
size of Ax = L1/2/15 and Ax = L;/2/30 is smaller than Ax = Ly2/7.5
and Ax = Ly/5/15. Therefore, the grid size Ax = L1/2/15 is adopted in
our study. This shows an influence of grid resolution similar to that
reported in Ref. 52. Therefore, the resolution requirement proposed
by Ref. 52 indeed holds true and is used throughout this work.

FIG. 19. Numerical smoke foils under different grid sizes: (a) Ax = L1/7.5 = L /3;
(b) Ax = L1/2/15 = L /6; (C) Ax = L1/2/30 =Lp /2.
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