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ABSTRACT

Two-dimensional wedge-stabilized oblique detonations in stoichiometric and fuel-lean H,/O,/Ar mixtures
with water mists are studied using Eulerian-Lagrangian method. The effects of water droplet mass flow
rate on flow and chemical structures in the induction zone, as well as physical /| chemical roles of water
vapor, are investigated. The results show that the oblique detonation wave (ODW) can stand in a range of
water mass flow rates for both stoichiometric and fuel-lean mixtures. With increased droplet mass flow
rate, the deflagration front in the induction zone is distorted and becomes zigzagged, but the transition
mode from oblique shock wave (OSW) to ODW does not change. Moreover, the initiation and transition
locations monotonically increase, and the OSW and ODW angles decrease, due to droplet evaporation
and water vapor dilution in the induction region. For fuel-lean mixtures, the sensitivity of characteristic
locations to the droplet loading variations is mild, which signifies better intrinsic stability and resilience
to the oncoming water droplets. The chemical explosiveness of the gaseous mixture between the lead
shock and reaction front is studied with the chemical explosive mode analysis. The smooth transition is
caused by the highly enhanced reactivity of the gas immediately behind the curved shock, intensified
by the compression waves. Nonetheless, the abrupt transition results from the intersection between the
beforehand generated detonation wave in the induction zone and OSW. Beside, the degree to which the
gas chemical reactivity in the induction zone for fuel-lean mixtures is reduced by evaporating droplets is
generally lower than that for stoichiometric gas. Also, physical and chemical effects of water vapor from
liquid droplets result in significant differences in ODW initiation and morphology. When abrupt transition
occurs, both physical and chemical effects of water vapor influence transition location and ODW angle,
but only physical one is important for smooth transition.

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

inflow conditions, inducing imperfect reactant mixing and compo-
sitional stratification. Beside, liquid fuel vapor concentration may

Oblique detonation engine (ODE) is a promising propulsion
technology for air-breathing hypersonic aircraft operating at high
flight Mach number [1,2]. It not only has the advantages of scram-
jet [3,4], but also enjoys high thermal cycle efficiency because
of oblique detonation combustion [5]. Oblique detonation wave
(ODW) is a fundamental combustion mode in ODE, and results
from the coupling between an oblique shock and chemical reac-
tions of supersonic combustible mixture flowing past a wedge [6].
Under some practical conditions, unsteadiness or non-uniformity
of the supersonic flows may exist. For instance, variations of the
flight speed or altitude of oblique detonation engine would change
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not be uniform if the liquid fuel is not well atomized, resulting in
differentiated evaporation rates. How an ODW is initiated and sta-
bilized under such realistic scenarios are still not well understood.

Most of the previous studies about ODW initiation and sta-
bilization are focused on idealized (e.g., premixed, uniform, or
homogeneous) approaching combustible mixtures. For instance,
Pratt et al. [7] derive analytical solutions between oblique
shock/detonation wave angle and inflow conditions through ther-
modynamic analysis. Li et al. [6] find that oblique detonation is
composed of a nonreactive oblique shock, an induction zone fol-
lowed by a reaction zone, and an oblique detonation. Silva and De-
shaies [8] reveal various regions behind the oblique shock wave
(OSW) depending on local chemical and gas dynamics properties.
Verreault et al. [9] investigate the dynamics of transverse waves
in oblique detonations and find that spatial oscillations from the

0010-2180/© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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ODW transition evolve into transverse waves propagating down-
stream. Moreover, two OSW-ODW transition modes are identified
[10,11]: abrupt transition connected by a multi-wave point, and
smooth transition featured by a curved shock. Recent studies by
Teng et al. [12] observe more complex wave systems, and different
wave structures in the transition zone are also discussed.

How the induction zone and oblique detonation wave evolve
subject to non-uniformity or perturbation of thermochemical state
in the combustible mixture is also studied. For instance, Li et al.
[6] study how the induction zone changes when a density pertur-
bation is introduced, and the oblique detonation structure is shown
to have good resilience. Similar resilience is also studied by Fusina
et al. [13], who introduce some small pockets without fuel in the
inflow mixtures. Beside, Iwata et al. [14] simulate oblique deto-
nations with inhomogeneous mixtures, and their results indicate
that the deflagration fronts can be “V” or “V+Y”-shaped. The dis-
torted deflagration front is also observed by Guo et al. [15] when
non-uniform equivalence ratios are considered. Fang et al. [16] find
that ODW can remain stable, even at high equivalence ratio gradi-
ent. Recently, Ren et al. [17] investigate the response of ODW to
a (time-evolving) sinusoidal variation of inflow equivalence ratio.
The results show that for low-to-medium fluctuations the increas-
ing amplitude only affects the ODW initiation and leads to ODW
surface instability, and the ODW structures become more robust in
fuel-lean situations.

It is well known that liquid fuels have numerous advantages,
e.g., high energy density, easy storage, and possibility to be used as
engine coolant. Therefore, they have good potential for detonation
engine applications. Indeed, feasibility to utilize liquid fuels for lab-
oratory scale detonation propulsion test rigs has been confirmed
through deliberately designed combustor and fuel injector. For in-
stance, Fan et al. [18] successfully conduct two-phase pulse detona-
tion engine experiments with liquid CgHqg/air mixture. Beside, Kin-
dracki [19] investigate the influence of liquid kerosene properties
on initiation and propagation of rotating detonations. Nonetheless,
use of liquid fuels may lead to highly inhomogeneous mixtures
and investigations on ODW with liquid fuels are rather limited in
the open literature. Recently, Ren et al. [20,21] study the effects
of evaporating droplets and spray equivalence ratios on ODW ini-
tiation in two-phase kerosene-air mixtures. The results show that
the variations of initiation length and transition pressure are dom-
inated by evaporative cooling and heat release, respectively. How-
ever, they have not studied how the OSW-ODW transition mode
and induction zone structure change when the gas-liquid two-
phase approaching flows are considered.

Typically, under supersonic flow conditions, liquid fuels need
to be well sprayed for efficient evaporation and vapor combustion
due to short residence time in the chamber. This leads to a large
number of dispersed fine droplets in the incoming flows. These
droplets would have strong and multi-faceted coupling with the
continuous gas phase. For example, droplet evaporation leads to
latent heat absorption and vapor addition, thereby modulating the
thermochemical state of the mixture and combustion morphology
[22]. This motivates us to further study how the induction zone
evolution and detonation transition are affected by the evaporating
droplets, which would deepen our understanding of liquid fueled
ODWs.

We consider evaporating water droplets as the dispersed phase
in this work. The reasons of this implementation include: (1)
The modeling approach for water mists and liquid fuels is the
same, i.e., Eulerian-Lagrangian method with point-force approx-
imation. The soundness of the numerics and results from this
work can build a foundation for the subsequent liquid fuel ODW
modeling. (2) Both water mists and liquid fuel sprays have com-
prehensive interactions with the background gas in terms of
mass/energy/momentum exchanges. Therefore, how the ODW re-
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sponds to the dispersed phase may bear some resemblances be-
tween two situations. (3) Prior to this work, a large body of litera-
ture has been available about hydrogen ODWs. Therefore, this fun-
damental work further enriches our understanding about the hy-
drogen ODW instability subject to external disturbances (e.g., dis-
persed droplets). This is of great significance for us to appreciate
the similar problems when fuel droplets are loaded. However, we
are not aiming to directly extrapolate our conclusions from this
work to liquid fuel ODW, which necessitates separate studies.

Eulerian-Lagrangian method is used to simulate the multi-
species compressible gas-droplet two-phase flows. Hydrogen will
be considered as the fuel, and the disperse phase is ultrafine water
droplets. A parametric analysis is performed to reveal the effects
of water droplet mass flow rate on detonation initiation and in-
duction zone structure in both abrupt and smooth transitions from
shock to detonation. This work aims to contribute in the following
aspects: (1) how the evaporating water droplets affect the initia-
tion mode and induction zone structure of ODW; (2) the chemical
structure in the induction zone and near the shock-to-detonation
transition point; and (3) the chemical and physical roles of the
condensed species (water vapor) on ODW behaviors.

2. Mathematical model and computational method

The Eulerian-Lagrangian method is employed to simulate
wedge-induced hydrogen detonations in water fog environment.
The Eulerian gas and Lagrangian liquid droplet governing equa-
tions are solved by a compressible two-phase reacting flow solver,
RYrhoCentralFoam [23,24]. It is developed from a fully compress-
ible flow solver rhoCentralFoam in OpenFOAM 6.0 [25]. The details
about the equations and models are presented below.

2.1. Gas phase
The equations of mass, momentum, energy, and species mass

fraction are solved for multi-species, two-phase, reactive, com-
pressible flows. They respectively read

0
§+V'[Pu]:smass, (1)
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In above equations, t is time and V - (-) is the divergence op-
erator. p is the gas density, u is the velocity vector, and p is the
pressure updated from the equation of state, i.e., p= pRT. T is
the gas temperature and R is specific gas constant, calculated from
R=Ry 2%21 YW, 1. Wy, is the molar weight of mth species and
Ry = 8.314 ]J/(mol-K) is the universal gas constant. Y;; is the mass
fraction of mth species and M is the total species number. E =
es + |u|2/2 is the total non-chemical energy, in which es = hs — p/p
is the sensible internal energy and hs is the sensible enthalpy [26].

The viscous stress tensor T in Eq. (2) is modeled by T =
—2u[D —tr(D)I/3]. @ is the dynamic viscosity, following the
Sutherland’s law. D = [Vu + (Vu)"]/2 is the deformation gradient
tensor and I is the unit tensor. In addition, j in Eq. (3) is the dif-
fusive heat flux, modeled with Fourier’s law, i.e., j = —kVT. Ther-
mal conductivity k is calculated using the Eucken approximation
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[27], i.e, k= uCy(1.32 4+ 1.37R/Cy). Gy is the heat capacity at con-
stant volume and derived from C, = C, — R. Here Cp = Y"M_, YinCp.m
is the heat capacity at constant pressure, and Cp, is the heat ca-
pacity at constant pressure of mth species, estimated from JANAF
polynomials [28].

In Eq. (4), Sm = —DmV (pYm) is the species mass flux. Dy, is cal-
culated through Dp, = k/pCp with a unity Lewis number assump-
tion. Moreover, wp, is the production or consumption rate of mth
species by all N reactions, and can be calculated from the reaction
rate of each reaction, i.e., wm = Wp Z’]L] ol i Also, the term @r
in Eq. (3) represents the heat release rate from chemical reactions
and is estimated as &y = — Y M_; wm Ahf - Ah;’r‘m is the formation
enthalpy of mth species.

2.2. Liquid phase

The Lagrangian method is used to model the dispersed liquid
phase, which is composed of a large number of spherical droplets
[29]. Droplet collisions are neglected because we only study di-
lute water sprays with initial volume fraction less than 0.1% [30].
Droplet breakup is not considered in this work, and its effects on
ODW prediction are analyzed in the supplementary document. Be-
side, since the ratio of gas density to the water droplet material
density is well below one, Basset force, history force and gravity
force are neglected [30]. The temperature inside the droplet is as-
sumed to be uniform, considering the small Biot number of water
droplets. Therefore, the governing equations of mass, momentum
and energy for a single droplet are

dmd .

ar —Mg, (5)

dlld _ F, +Fp

@ mg (©)
de _ Qc + Qlut

PG T Tmg )

where m; = npddg/B is the mass of a single droplet, p; and d; are
the droplet material density and diameter, respectively. u, is the
droplet velocity vector, F; and F;, are the drag and pressure gradi-
ent force exerting on the droplet. c, 4 is the droplet heat capacity
at constant pressure, and Ty is the droplet temperature.

The droplet evaporation rate, 1y, in Eq. (5) is modeled through
[31]

Ti’ld = nddShDabpsln(l +Xr), (8)
where the vapor molar ratio X; is estimated from

Xs — Xc
Xr=7- X, 9

Here Xc is the vapor mole fraction in the surrounding gas, and
Xs is the water vapor mole fraction at the droplet surface, calcu-
lated using Raoult’s Law, i.e.,

xszxm%. (10)

Xm is the mole fraction of the condensed species in the liquid
phase. psq is the saturation pressure and is a function of droplet
temperature T; [32], i.e,,

C

Psat =P~ exp(q + T—Z + c3lnTy + c4T;5), (11)
d

where the constants ¢; can be found from Ref. [32]. Moreover, in

Eq. (8), ps = psWn/RTs is the vapor density at the droplet sur-
face, where ps is the surface vapor pressure and Ts = (T + 2T;)/3
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is the droplet surface temperature. Dy, is the vapor diffusivity in

the gaseous mixture [33], i.e.,

Dy = 3.6059 x 1073 x (1.8T;)'7% x 2L, (12)
psBi

where o and B, are the model constants from Ref. [34].
The Sherwood number in Eq. (8) is modeled as

Sh = 2.0 + 0.6Re}/*Sc'/3, (13)

where Sc is the Schmidt number of gas phase. The droplet
Reynolds number in Eq. (13), Re; is defined based on the slip ve-
locity

dglug —u

Req = %. (14)
The drag force F; in Eq. (6) is modeled as [35]

Fy= ;fgé S g~ wy). (15)
The drag coefficient, Cy, is estimated as [35]

0.424, Rey > 1000,

Ca = {@(1 + %Reé), Re, < 1000. (16)
Beside, the pressure gradient force Fj in Eq. (6) is

F, = -V,Vp. (17)

Here V; is the volume of a single water droplet.
The convective heat transfer rate Q. in Eq. (7) is calculated from

Qc = heAy(T - Ty), (18)

where h. is the convective heat transfer coefficient, and computed
using the correlation by Ranz and Marshall [36], i.e.,

dg
“k
where Nu and Pr are the Nusselt and Prandtl numbers of gas phase,
respectively. In addition, the heat transfer associated with droplet
evaporation, Q4 in Eq. (7), is

Qe = —1gh(Ty), (20)

where h(Ty) is the latent heat of vaporization at the droplet tem-
perature Tj.

Two-way coupling between the gas and liquid phases is imple-
mented through Particle-source-in-cell (PSI-CELL) approach [37].
The terms, Smass, Smom, Senergy and Sspecies,m in Egs. (1)-(4), are cal-
culated are based on all droplets in a CFD cell, i.e.,

Nu = he—% = 2.0+ 0.6Re/*Pr'/3, (19)

Ny

1 .
Smass = Vc ; md,is (21)
1
Smom = — {7~ D (~1hg g +Fq), (22)
¢ iz
1 .
Senergy = _V Z (—md,ihg + Qc,i)v (23)
€ iz
~_ JSmass  for H;O  species
Sspecies.m = {0 for other  species’ (24)

Here V. is the CFD cell volume, N, is the droplet number in one
cell, and hg the water vapor enthalpy at the droplet temperature.
Due to the dilute and fine sprays considered, the hydrodynamic
force work by the droplet phase is neglected in Eq. (23).
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Fig. 1. Schematic of a wedge-induced ODW. Blue dots: water droplets.

2.3. Computational method

For the gas phase, cell-centered fine volume method is used to
discretize Eqs. (1)-(4). Second-order implicit backward method is
employed for temporal discretization and the time step is about
5 x 107" s. The MUSCL-type Riemann-solver-free scheme by
Kurganov et al. [38] is used for the convective terms in the mo-
mentum equations, whilst the total variation diminishing scheme
for the convective terms in energy and species equations. Also,
second-order central differencing scheme is applied for the diffu-
sion terms in Eqs. (2)-(4). Chemistry integration is performed with
a Euler implicit method, and its accuracy has been confirmed with
other ordinary differential equation solvers in our recent work [24].
A hydrogen mechanism with 9 species and 19 reactions [39] is
used, which is validated against measured ignition delay and det-
onation cell size [24].

For the liquid phase, the water droplets are tracked based on
their barycentric coordinates. The equations, i.e., Egs. (5)-(7), are
solved by first-order Euler method and the right-hand terms (e.g.,
my in Eq. (5)) are integrated in a semi-implicit approach. Mean-
while, the gas properties at the droplet location are interpolated
from gas phase simulation results.

The above numerical methods in the RYrhoCentralFoam solver
have been extensively validated and verified against the experi-
mental or theoretical data in different detonation and shock bench-
marking problems [24]. It has been successfully applied for model-
ing various detonation and supersonic combustion problems [40-
43]. In particular, the accuracy of RYrhoCentralFoam in ODW simu-
lations is also verified and we find that it is comparable with that
of the results by Tian et al. [44] (see details in supplementary doc-
ument).

3. Physical model and numerical implementation

Oblique detonations induced by a semi-infinite wedge with an
inflow of gas-liquid two-phase mixtures are studied in this work.
A two-dimensional configuration is considered, as illustrated in
Fig. 1. The simulated domain is enclosed by the dashed lines. The
x (y) axis is parallel (normal) to the wedge surface, whilst the ori-
gin lies at the leading edge of the wedge. Note that the length
(x-direction) of the domain is adjusted in different simulations, to
ensure that oblique detonation morphology of interest is fully cap-
tured. The domain width is fixed, i.e., L, = 0.0052 m. In OpenFOAM
implementation of two-dimensional simulations, finite thickness is
required in the out-of-plane direction (z in our case), which is
discretized with one cell but no numerical fluxes are considered.
In our work, the thickness is L, = 0.001 m. The wedge angle is
6 = 25° in all our simulations.

We do not consider fuel injection, preceding shock compres-
sion, or reactant mixing before the wedge to match the real flight

conditions of an ODE. Dirichlet conditions are enforced for gas
properties (e.g., species mass fractions, velocity, temperature, and
pressure) at the left and top boundaries in Fig. 1. Specifically, the
gas composition of the incoming mixtures is hydrogen and oxygen
with 70% (by vol.) argon dilution. Two equivalence ratios are stud-
ied, i.e., ¢ = 1.0 and 0.5. Therefore, the species mole ratio follows
H,/0,/Ar = 2¢/1/7. Based on our simulations, they respectively
correspond to abrupt and smooth transition from OSW to ODW
[6,45], and therefore it is favorable to examine how these two
modes respond to the dispersed droplets. The incoming flow ve-
locity is 2447 m/s (e.g., inflow gas Mach number is 7.0 for ¢ = 1.0,
whereas 7.3 for ¢ = 0.5), whereas the temperature and pressure
are 298 K and 1.0 atm, respectively. Note that gas temperature and
pressure may affect droplet evaporation, but their effects will not
be studied in this work. The outlet is non-reflective, whilst non-slip
and adiabatic conditions are employed for the wedge surface. A re-
bound condition is applied for droplet-wall interactions, in which
the normal component of droplet velocities is reversed after wall
collision. Beside, it should be acknowledged that turbulence may
exist in practical detonation engine flows. However, fully resolving
turbulent detonation structure under ODE conditions is expensive,
and modeling turbulence in detonation still need lots of efforts
to develop appropriate models and numerical schemes. Therefore,
turbulence is not considered in this work.

Ultrafine water droplets are loaded in the incoming flows. They
enter the domain from left and top boundaries, as marked in
Fig. 1. The droplets are assumed to be spherical, with initial di-
ameter of dg = 1 pum. The initial material density, heat capacity,
and temperature are 997 kg/m3, 4187 J/kg/K, and 298 K, respec-
tively. The droplet injection velocity is assumed to be identical to
that of the local carrier gas (i.e., initial slip velocity is zero). In
our simulations, we consider the following droplet mass flow rates,
i.e, f; = 0.208, 0.416, 0.624, 0.832 and 1.041 g/s. They are defined
based on the area of the left boundary, i.e., L, x Lz, as shown in
Fig. 1.

The computational domain in Fig. 1 is discretized with Carter-
sian cells. The background mesh size is 16 x 16 um?, based on
which two additional levels of mesh refinement are made with
OpenFOAM refineMesh utility near the OSW and ODW, as well
as the post-OSW and -ODW areas. This leads to a cell size of
4 x 4 um? in the foregoing locations to sufficiently resolve the sig-
nificant characteristics of OSW and ODW. The half-reaction lengths
in Chapman-Jouguet detonations with ¢ = 0.5 and 1.0 are about
174 and 69 pm, respectively, calculated with Shock and Detona-
tion Toolbox [46]. As such, they correspond to about 44 and 17
cells in the half-reaction zone. This resolution is comparable with
or even finer than those for gaseous ODW simulations [9,47-49].
Considering the droplet evaporation and heat absorption from the
gas phase, more cells can be expected due to the thickened half-
reaction zone in spray detonations [50,51]. Mesh sensitivity anal-
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ysis (Appendix A) has shown that further refining the mesh does
not change the results of the present ODW simulations.

4. Results
4.1. Stoichiometric H,/O,/Ar mixture

4.1.1. ODW characteristics

Oblique detonations in stoichiometric H,/O,/Ar mixtures with
different water mass flow rates (i.e., f; = 0.208-0.832 g/s) are
shown in Fig. 2, about the gas temperature and pressure gradi-
ent magnitude. Generally, the ODW morphology is considerably
influenced by the dispersed water droplets, although the ODWs
can stably stand in the supersonic two-phase flows in all cases.
Compared with the gas-only results in Fig. 2(a), the ODW surface
is more cellular, and the distance between the transverse waves
slightly increases when the droplet mass flow rate increases, as
evidenced from the pressure gradient distributions, which indi-
cates more pronounced instability of the oblique detonative waves
[9,47]. Evident from Fig. 2(a) is an abrupt OSW-ODW transition in
gas-only mixture, with a salient multi-wave point (annotated as
“transition point”). This is also predicted by Teng et al. [52], un-
der the same fuel and inflow conditions. In Fig. 2(b)-(e), when the
water droplets are loaded, this mode remains, but the transition lo-
cation recedes when f; gradually increases, which will be further
discussed in Section 5.1.

A closer inspection of Fig. 2 also reveals a fundamental change
of the flow structure in the induction zone when water droplets
are loaded. When f; > 0.624 g/s in Fig. 2(d) and (e), C-shaped
compression | pressure waves with upper and lower branches can
be found close to the transition point (see the inset of Fig. 2d).
The upper compression waves interact with the incoming droplets,
and their leading edges are distorted. The lower pressure wave is
still weak with f; = 0.624 g/s but become stronger when f; is fur-
ther increased to 0.832 g/s, which is marked as CW2 in Fig. 2(e).
In general, the intensity of CW1 is much higher than that of CW2,
as can be found from the inset of Fig. 2(e). The C-shaped structure
is shown to regularly oscillate with moving transition point, which
results in a dynamic stabilization of the ODW. This can be clearly
seen from the animation submitted with this manuscript. As fy
increases, the wave structure underneath the transition becomes
more complicated, characterized by the interactions between shock
waves [ shocklets and compression waves.

The distributions of post-OSW gas temperature and pressure
with various f; are shown in Fig. 3, which are extracted along
y = 03 mm. As f; increases, the OSW gradually recedes with
larger x coordinates, whilst the temperature behind the OSW de-
creases. The latter can also be seen from the temperature contours
in Fig. 2, which is caused by the heat absorption for droplet heat-
ing and gasification. Moreover, the pressure experiences a jump
across oblique shock waves. Various pressure peaks are observable
behind the OSW. The pressure peaks (e.g., f; = 0 and 0.208 g/s)
corresponds to the position of characteristic wave structures be-
hind the OSW, such as compression waves, transverse shock wave
and reflected shock. The reader should be reminded that with in-
creased droplet mass flow rates, the position of multi-wave point
moves downstream and off the wedge surface. Therefore, the po-
sition of y = 0.3 mm actually corresponds to different part of the
post-OSW structure, as marked by the white lines in the insets of
Fig. 2.

Figure 4 shows the distributions of the reactive fronts with dif-
ferent water droplet mass flow rates. The reaction front can be
identified through high combustion heat release rate (HRR). When
fq = 0.208 gfs in Fig. 4(a), the deflagrative combustion is initiated
at location #1 (about x = 0.39 mm). At around x = 2 mm, det-
onative combustion is initiated due to the mutual enhancement
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of the local heat release and shock wave, with HRR larger than
5 x 1013 J/m3s. This reaction front distribution is similar to that
in gas-only mixture (not shown here) corresponding to Fig. 2(a).
When f; is further increased to 0.624 gfs, bifurcation of the re-
action front appears, with multiple initiation loci and segmented
reaction fronts. Figure 4(b) shows that beside #1, a new initiation
location #2 is present at around x = 3 mm. The upper and lower
branches of the C-shaped reaction fronts starting from #2 cor-
respond to detonation and deflagration waves, respectively. Sim-
ilar C-shaped reaction fronts are also observed in gaseous ODW
with stratified inflowing premixtures [14,16] and are attributed to
the non-uniform mixture composition near the wedge surface. Be-
side, the deflagrative fronts extending from #1 and #2 intersect
at around x = 6 mm, resulting in a spatially delayed deflagration
fronts between #1 and #2, compared to the reaction front mor-
phology in Fig. 4(a) and gas-only mixture.

In Fig. 4(c), when f; = 0.832 g/s, the distributions of reaction
fronts in the induction zone become more complicated. They be-
come nominally zigzagged, with three reaction initiation points,
i.e., #1, #2, and #3. The deflagrative front interaction position ex-
tending from the locations #1 and #2 is more downstream, at
about x = 12 mm. The distance between the deflagrative fronts
from different initiation locations increases, and the heat release
rate of combustion waves far away from the main multi-wave
point decreases. These peculiar distributions of reaction fronts
in Fig. 4 are caused by the dispersed droplets in the shocked
gas, which will be examined through the droplet distribution in
Section 4.1.2.

4.1.2. Droplet distribution

Figure 5 shows the distribution of droplet volume fraction when
fa = 0.832 gfs, which is calcualed from the ratio of total droplet
volume to gas volume in each CFD cell. The distinct distribution of
droplet volume fraction is caused by different local cell sizes and
the volume fraction in the refined region is more discrete. Appar-
ently, behind the OSW, there are two distinct zones (i.e., A and B)
with higher volume fractions and hence larger droplet concentra-
tions. Figure 6(a)-6(d) respectively shows the Lagrangian droplets
colored by their velocity, temperature, and diameter. Note that the
colorless areas indicate that the droplets have already vaporized
there. It can be seen from Fig. 6(a) and (b) that both x- and y-
velocities are generally reduced behind both OSW and ODW. This
is because the local flow decelerates after the shocks, and ultrafine
droplets (1 pm in this study) can respond to the gas speed varia-
tions quickly due to their small Stokes numbers. At the end of in-
duction zone, the y-direction velocities of the droplets are greater
than zero (50-100 m/s). It is caused by the thermal expansion from
the local reaction front (see Fig. 6b). These droplet streams move
along the narrow “channel” between the two deflagration fronts
extending from #2 and #3, respectively. This leads to a local acu-
mulation of the water droplets in zone A, indicated in Fig. 5. One
can see from Fig. 6(c) that the temperatures of these droplets have
been elevated to above 400 K (close to the local saturation tem-
perature), due to the short thermal response time of fine droplets.
After a finite distance behind OSW, droplet evaporation starts. This
is featured by reduced droplet size in Fig. 6(d) and pronounced
mass transfer Am (i.e., water vapor) from the liquid phase to gas
phase in Fig. 6(e). Significant energy absoprtion (AE < 0) from the
gas phase can also be observed in Fig. 6(f). These mass and energy
transfer with water mists significantly delay gas chemistry initia-
tion, which hence leads to bifurcation between the leading points
#2 and #3 marked in Fig. 4, and distorts the reaction fronts (see
the HRR isolines in Fig. 6).

To elucidate the formation of zone B in Fig. 5, Fig. 7 shows
the close-up view near the leading edge. The oncoming droplets
bounce up on the wedge and hence have an positive y-velocity,
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see Fig. 7(b) or Fig. 6(b). This leads to relatively high slip velocities
between two phases and momentum relaxation cannot be com-
pleted behind the OSW due to the narrow region between the
shock and wall surface. As such, some droplets even move ahead
of OSW near the leading edge. These rebounding droplets lead to
high water concentration, corresponding to zone B. The reaction
initiation point #2 may also affect the particle movement due to
the thermal expansion, as seen from the insets of Fig. 6(b) and

(c). Below the dashed line, the droplets have higher temperature
and reduced diameter (see Fig. 7c and d), because they are heated
by the hot boundary layer and thereby strongly vaporize. This can
also be corroborated by considerable mass and energy transfer be-
tween the droplet and gas phase, as illustrated in Fig. 7(e) and
(f). Therefore, it has been shown that heating and evaporation of
high-concentration water droplets may change the local thermo-
chemical states in zones A and B, thereby bifurcating the reaction
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fronts. Similar observations are also made for other cases when re-
action front bifurcation is present, e.g., f; = 0.624 g/s (due to rela-
tively low droplet addition, only zone B is seen). How the chem-
ical reactions modulated by the water mists in zones A and B
will be quantified through analyzing chemical explosive mode in
Section 5.2 and numerical experiments in Section 5.3.

4.2. Lean H,/O,/Ar mixture

4.2.1. ODW characteristics

Fuel-lean H,/0,/Ar mixture (¢ = 0.5) with different water mass
flow rates is studied in this section. The distributions of gas tem-
perature and pressure gradient magnitude are shown in Fig. 8, and

the evolutions of ODW surface can be found from the animation
submitted with this manuscript. Addition of water droplets does
not change the initiation mode, compared to the purely gaseous
case in Fig. 8(a). Different from the stoichiometric mixtures, the
oblique detonation is initiated through a smooth transition through
a curved shock wave, for all studied flow rates. Evident from
Fig. 8 is the receding transition point with increased droplet
mass flow rate. Moreover, two compression waves (marked as
“CWs”) are observed around the transition point, which in-
tersect with the OSW. The latter becomes concaved with re-
spect to the flows, and hence is intensified. Due to the evap-
oration and motion of the droplets in the induction zone,
the shocked gas temperature decreases, which is also demon-
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release rate of 10'2 J/(m3s).

strated from the profiles at y = 0.3 mm in Fig. 9. To clar-
ify, since the data in Fig. 9 are extracted along a fixed
height off the wedge (see the white lines in the insets of
Fig. 8) and the OSW-ODW-CW complex moves as f; increases, the
reduced pressure peaks does not mean that the intensities of the
CW are weakened.

Figure 10 demonstrates the distributions of the combus-
tion heat release rate with three water mass flow rates, i.e.,

fa = 0.208, 0.624 and 0.832 g/s. When f; is 0.208 g/s in Fig. 10(a),
the deflagrative combustion is initiated at location #1 (about
x = 0.33 mm) near the wedge surface. The deflagration front ex-
ists when x < 1.3 mm, which develops into detonation beyond
X = 1.3 mm, characterized by much higher heat release rate (over
1 x 1013 J/m3/s). This is caused by the coherent coupling be-
tween the chemical reactions and shock/compression wave (see
CWs in Fig. 8). Further downstream, the reaction front smoothly
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evolves into the ODW. When f; is further increased to 0.624 g/s
in Fig. 10(b), slight distortion of the reaction front is observed at
location #2. Meanwhile, the transition from deflagration to deto-
nation wave is also delayed, now at x = 2.2 mm. In Fig. 10(c), the
foregoing two features becomes more outstanding. Meanwshile, bi-
furcation of the reaction front appears, resulting in two initiation
locations, i.e., #1 and #3, and a S-shaped morphology.

4.2.2. Droplet distribution

Figure 11 shows the droplet volume fraction, corresponding to
the conditions in Fig. 10(c). Behind the OSW and ODW (the solid
line), considerable droplets exist, featured by finite droplet volume
fractions, which leads to gas-liquid heterogeneous mixtures. Rel-
atively higher water droplet concentrations can be observed ex-
tending from the wedge edge, marked as zone C in Fig. 11. The
formation of this zone share the similar mechanism with zone B
in Fig. 5, due to the droplet-wall interactions. Plotted in Fig. 12 are
the Lagrangian droplets colored by velocity, temperature, diameter,
as well as the interphase mass and energy exchange when f; is
0.832 g/s. Behind the OSW and ODW, the droplet velocites gener-
ally have similar distributions, which is different from the situa-
tions of the abtupt transition mode in Fig. 6(a) and (b). This can

be attributed to the flow field difference behind OSW and ODW
in these two transition modes. After crossing the oblique shock
wave, the droplets are heated to above 400 K, but droplet diame-
ter remains unchanged, as shown in Fig. 12(c) and (d). After a cer-
tain distance behind OSW, the droplets begin to evaporate at local
saturation temperature. Droplet evaporation has significant mass
transfer Am with the surrounding gas mixtures and absorbs a lot
of energy (AE < 0) from it in Fig. 12(e) and (f). Accordingly the
droplet diameter decreases in Fig. 12(d). For lean H,/O,/Ar mix-
tures, the droplet penetration distance normal to the detonation
surface is close to that behind the OSW during thermal response
time. Nonetheless, the area where droplets are present is relatively
short behind the ODW due to the gas temperature behind ODW is
relatively high. This can be seen from the magnitudes of mass and
energy transfers in Fig. 12(e) and (f).

5. Discussion
5.1. Characteristic location and wave angle

Figure 13 summarizes the initiation location, transition location
and wave angles from the stoichiometric and fuel-lean cases. The
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initiation location L; is defined as the distance from the wedge tip
to the position with maximum HRR along the wedge surface, while
the transition location L; is defined as the distance (x-direction)
from the wedge tip to the OSW-ODW transition locus. For smooth
transition, L; corresponds to the position (x-coordinate) of inflec-
tion point of the curved shock. See their indications in Figs. 2 and
8. It is shown from Fig. 13(a) that for two mixtures, L; linearly
increases with the droplet mass flow rate. This indicates the in-
creased influences of droplet heating and evaporation on the initi-
ation location. However, L; in the fuel-lean mixtures are generally
smaller compared to the counterpart from the stoichiometric ones.
Specifically, when f; = 0.832 g/s, for the stoichiometric and fuel-
lean mixture cases, L; only increases 18.8% and 8.2% respectively,
relative to the gas-only case. This is because the temperature and
pressure behind OSW are generally higher in fuel-lean mixtures,
for instance, see Figs. 3 and 9. The thermochemical conditions be-
hind the OSW directly influences the reaction initiation, and there-

10

fore L; lies more upstream. In Fig. 13(b), the transition location L;
in stoichiometric mixtures changes with f; exponentially. However,
only linear variation of L; is observed in fuel-lean cases. This leads
to increased difference between their transition locations when the
droplet loading is high, such as 0.624 and 0.832 g/s. Therefore, for
fuel-lean mixtures, the sensitivity of these characteristic locations
to the droplet loading variations is milder compared to that in
stoichiometric cases. This implies that the fuel-lean mixtures with
smooth shock-to-detonation transition mode are more stable and
resilient than the stoichiometric cases. This resilence dinctinction
is also observed by Iwata et al. when they consider an inhomoge-
neous Hy-air mixture [14], although no explanations are provided
from their studies.

The evaporating water droplets also influence the OSW and
ODW angles, as seen from Fig. 13(c) and (d). The definitions of
shock/detonation angles, Bosw and Bopw, are annotated in Fig. 1.
They are calculated from a straight line from two points (such as
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triple points when cellular structure appears) along the wave, see
lines ab in Figs. 2(e) and 8(d). The predicted angles in the droplet-
free cases well reproduce the theoretical results from the shock po-
lar analysis [53]. Beside, both Bgsw and Bopw in spray detonations
are lower than the values of droplet-free case. As f; increases, both
angles decrease monotonically. For the OSW angle, this tendency

1

can be justified by the fact that the oblgiue shock is attentuated by
the droplet momentum and energy extraction when they cross the
shock front [54,55]. This can also be comfirmed through the con-
tinuously delayed OSW position in Figs. 3 and 9. Decreased shock
angle generally leads to reduced temperature and pressure behind
it. This also modulates the post-shock thermodynanic conditions,
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thereby jointly influencing chemical reaction induction together
with in-situ droplet heating and evaporation behind the OSW. For
ODW angle, this is because higher droplet concentration would
lead to more energy aborption from the gas phase and hence lower
combustion heat release, which would result in smaller ODW angle
based on the thermodynamic relations [7,56]. Specifically, when f;
is 0.832 gfs, Bosw decreases 8.28% and 5.77% respectively in the
stoichiometric and fuel-lean mixtures, relative to the gas-only case.
However, Bopw decreases by about 4.95% and 8.93%, respectively.
In spite of the above differences, the oblique shock and detonation
waves have generally good stability when dispersed droplets are
loaded in the oncoming flows and therefore interact with the gas
mixture in the induction zone.

5.2. Chemical timescale and structure

The chemical explosive mode analysis [57-60] is employed to
quantify the chemical reaction information of oblique detonations.
It has been successfully used for analysing the induction zone of
detonations [50,61,62], and detailed information about this method
can be found in Refs. [57,58]. Although the smooth and abrupt
OSW-ODW transition modes have been discussed in numerous
studies [12,15,44,45,48], nonetheless, limited attention has been
paid to their intrinsic chemical structures. Figure 14 shows the dis-
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tributions of chemical timescale 7, (in logarithmic scale) of sto-
ichiometric H,/O,/Ar oblique detonations in droplet-free and two-
phase (f; = 0.832 gfs) cases. Ty, is calculated from the recipro-
cal of the real part of eigen values Ag of chemical Jacobian matrix
[57]. For better illustration, only chemical explosive areas with pos-
itive eigen values (hence excluding the fresh and burned areas) are
shown. They correspond to the induction zones behind the shocks.
The profiles of A and key thermochemical quantities along lines
1-4 in Fig. 14 are shown in Fig. 15.

We first look at the droplet-free case in Fig. 14(a). The oncom-
ing gas changes from non-explosive to explosive state because of
compression by the OSW (dotted lines in Fig. 15). Accordingly, the
chemical timescale is considerably reduced, generally to less than
10-73 s. For instance, along line 2, Tuem is continuously reduced
towards the deflagration and detonation surfaces. The correspond-
ing Ap gradually increases and peaks ahead of the reaction front
(corresponding to A = 0 [57]), as seen from Fig. 15. Near the
transition location (e.g., line 1), Tapey is further lowered to 1078 s
and there is a bump of A, indicating the strong mixture reactiv-
ity for local detonative combustion. Beyond the transition point,
the chemical timescale of the relatively narrow induction zone of
ODW is generally 108 s.

When the water droplets are loaded, the results in Fig. 14(b)
demonstrate that the chemical timescale near the transition point
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increases and the chemically more explosive region (with higher
Ag) becomes narrower, compared to that of the droplet-free case.
This can be found through comparing the results in Fig. 15(d) and
(c). Moreover, there are two salient striped areas with relatively
high chemical timescale (up to 10~3 s) and much lower A; (e.g.,
see line 4 in Fig. 15d), which corresponds to zones A and B in
Fig. 5. This implies that the chemical explosion propensity of the
shocked gas is largely reduced due to the interactions with the
evaporating water mists and hence the reaction fronts are distorted
in the induction zone.

Figures 16 and 17 show the counterpart results from the fuel-
lean (¢ = 0.5) Hy/O,/Ar mixture with f; = 0 and 0.832 g/s. Sim-
ilar to the results in Fig. 14, the chemically explosive gas mixture
also exists in the induction zones. However, we can observe in-
teresting differences about the distribution of timescale and eigen
value near the transition locations. Specifically, for smooth tran-
sition here, the gas mixture reactivity is rapidly increased behind
OSW and then levels off for a distance before the deflagration
front, see the variations of A in Fig. 17(a). This is caused by the
compression of the curved shock, which is intensified by the com-
pression waves. The highly reduced reaction timescale immedi-
ately behind the shock is kinetically favourable to induce the co-
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Table 1
Numerical experiments on water vapor effects on spray ODW.

Droplet Chemical effects

evaporation

Numerical experiments

As a As a third-body
reactant species
¢ =10 a No No No
and 0.5
b Yes No No
c Yes No Yes
d Yes Yes No
e Yes Yes Yes

herent interactions between the lead shock and reaction front in
an ODW. Therefore, the inducing factor for smooth transition is
different from that of the abrupt mode in Figs. 14 and 15. In the
latter, the most chemically explosive mixture is formed by the re-
compression of the shocks in the induction zone, which results in
detonative combustion as demonstrated in Fig. 4. This detonation
wave further intersects with the OSW and leads to an ODW.
When the water mists are added in the fuel-lean mixture, the
gas reactivity near the transition point is slightly affected, see
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Fig. 17(c). More pronounced influence lies in zone C with higher
droplet concentration (marked in Fig. 11, corresponding to line 4),
and its chemical timescale is decreased to 10~7-10-%8 s, Even so,
it is still much shorter (more reactive) than that in zones A and B
in Fig. 14. Therefore, the results in Figs. 16 and 17 well justify why
the ODW with smooth transition is more resilient for droplet-laden
approach flows from the perspective of chemical explosiveness and
characteristic timescale.

5.3. Physical and chemical effects of water vapor

To elucidate how the physical and chemical effects of the wa-
ter vapor, we conduct numerical experiments, following Refs. [63-
65]. Both stoichiometric and lean mixtures are considered and
fa = 0.832 g/s. If droplet evaporation is considered, the water va-
por is released from the liquid droplets. It is well known that H,0
species can participate in gas phase chemical reactions, acting as
reactant or third-body species. This leads to possible chemical ef-
fects of the water species in the reaction system. In our experi-
ments, we introduce an artificial species H,O(v) in the chemical
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mechanism, to differentiate from the water species as combustion
product, H,0O(c). HO(v) has the same thermodynamic and trans-
port properties as the real water species H,O(c).

Five cases are compared, as tabulated in Table 1. In case a, the
droplet evaporation model is turned off and hence the water vapor
effects (including physical and chemical ones) are completely ruled
out. Note in passing that case a is still a spray detonation mod-
eling, considering momentum and energy transfer between dis-
persed and continuous phases. Case b only considers the physical
effects (including compositional dilution and thermodynamic pa-
rameter modulation), whilst case c incorporates the chemical (but
only as third-body species) effect. Case d considers the role of both
H,0(c) and H,O(v) as reactants. It should be mentioned that in
the current mechanism H,O species is a product of forward ele-
mentary reactions and it is therefore difficult, if not impossible, to
differentiate two species as reactants because the kinetic param-
eters of backward reactions cannot be explicitly specified. There-
fore, we choose to exclude this role of both species in case d.
This is acceptable because droplet evaporation proceeds after they
cross the shock and H,O(v) is expected to be dominant in most
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Fig. 19. Gas temperature in lean H,/O,/Ar ODWs with different roles of water vapor. f; = 0.832 g/s.

of the induction zone. Case e has full models, already discussed in
Section 4. It is reminded that the combustion product water H,0(c)
plays a full role in these tests.

Figure 18 shows the gas temperature contours in experiments
a—e for stoichiometric H,/O,/Ar mixtures. For non-evaporating wa-
ter droplets in case a (Fig. 18a), the structure of the induction zone
is similar to the gas-only case in Fig. 2(a). Through the results in
Fig. 18, one can see that the water vapor addition plays a signifi-
cant role in induction zone and ODW morphology. The physical ef-
fects of water vapor can be examined in Fig. 18(a) and (b): addition
of H,O(v) considerably delays the deflagration/detonation initia-
tion and change the induction zone structure. Figure 20 quantifies
the predicted transition/initiation locations and OSW/ODW angles
when different roles of H,O(v) are considered. One can see that,
compared to case a, transition location and ODW angle in case b
increases by around 189% and 15%, respectively. Nonetheless, the
initiation location and OSW angle are shown to have slight in-
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crease and decrease, respectively. This is due to the energy transfer
between the surrounding gas mixtures and the post-shock water
droplets, resulting in a decrease in the total energy of the post-
shock gas. It means that compositional dilution and/or thermody-
namic parameter variation by the water vapor results in significant
differences in ODW initiation and behaviors.

When H,0(v) third-body effects are considered in Fig. 18(c),
the transition location further moves downstream to about
x = 10.7 mm and the ODW angle increases to 57.9°, compared
to the results in Fig. 18(b). Meanwhile, in Fig. 18(c), a new
“channel” with low temperature (also high chemical timescale as
quantified in Section 5.1) appears, which disconnect the combus-
tion waves near the multi-wave point and the wedge surface.
This is due to local high concentration water vapor and hence
enhanced third-body recombination elementary reactions (e.g.,
H+OH+M—H,0+M, H+H+M—H,+M and H+0,+M—HO,+M). In
Fig. 18(d), only the role of water species as reactant is considered.
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Fig. 20. Transition/initiation locations and wave angles corresponding to Figs. 18 and 19.

We can see that both initial and transition locations move down-
stream, compared to the results in Fig. 18(b) and (c). Water, as re-
actant, may facilitate the elementary reactions to generate more
radicals, and therefore less heat is released by exothermic reac-
tions (which is consistent with the lower post-ODW temperature
in Fig. 18d, compared to Fig. 18b). Beside, from cases c-e, one can
see that the chemical effects of water vapor significantly influence
deflagration front structure. It can also be found from Fig. 20 that
the ODW angle in case e is about 46.6°, lower than those in cases
cand d.

Figure 19 show the results from the numerical experiments for
fuel-lean mixture. Through comparing Figs. 8(a) and 19(a), one can
see that non-evaporating droplets slightly delay the detonation ini-
tiation. As shown in Fig. 20, the transition location increases from
2.25 to 2.81 mm. In addition, due to droplet heating and mo-
mentum absorption, the post-shock and -detonation temperatures
are generally reduced. In Fig. 19(b), in which only physical effects
are included, the foregoing features are more pronounced. How-
ever, different from the stoichiometric mixture results, the chem-
ical effects of H,O(v) almost do not influence the macroscopic
flow structures, transition/initiation locations, and ODW angles, as
quantified in Fig. 20. Beside, the OSW angle is also negligibly af-
fected by the chemical effects of H,O(v).

To sum up, the key information from the above experiments
include: (1) With the studied operating conditions and mist prop-
erties, the physical or chemical effects of water vapor from liquid
droplets have little influence on the OSW/ODW transition mode.
(2) Both effects influence transition location and ODW angle in
¢ = 1.0 mixtures (abrupt transition), but only the physical ones are
important in ¢ = 0.5 mixtures (smooth transition); (3) the chemi-
cal effects of the H,O(v) in ¢ = 1.0 mixture affect the deflagration
front structure and post-detonation temperature.

6. Conclusions

Two-dimensional wedge-induced oblique detonations in
H,/0,/Ar mixtures with water sprays are computationally studied
with Eulerian-Lagrangian method. Stoichiometric and fuel-lean
mixture compositions are considered, in which smooth and abrupt
transitions from oblique shock and detonation respectively occur.
The effects of water droplet mass flow rate on the change of
flow and chemical structures in the induction zone, as well as
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the physical and chemical roles of water vapor, are discussed. The
following conclusions can be drawn:

(1) The ODW can exist for the studied water droplet mass flow
rates for both stoichiometric and fuel-lean mixtures. With
increased droplet mass flow rate, the induction zone struc-
ture of the oblique detonation becomes complex. The defla-
gration front is distorted, which is caused by local droplet
accumulation and therefore higher water mist concentra-
tion, subject to different flow structures in the stoichiomet-
ric and lean mixtures. Moreover, the OSW-ODW transition
mode does not change when different concentrations of wa-
ter sprays are loaded.

For both stoichiometric and fuel-lean mixtures, the initia-
tion location and transition location monotonically increase
with droplet mass flow rate. This is caused by enhanced
effects of water droplet evaporation and water vapor dilu-
tion in the induction zone. In particular, the transition loca-
tion increases exponentially in the stoichiometry case. More-
over, the OSW and ODW angles decrease with droplet mass
flow rate. In general, for fuel-lean mixtures, the sensitiv-
ity of characteristic locations to the droplet loading varia-
tions is mild. The ODW structures with smooth transition
are more stable and hence more resilient than the stoichio-
metric cases with abrupt transition.

(3) The chemical timescale is computed with the chemical ex-
plosive mode analysis. It is found that the gas between
the lead shock and reaction front is chemically explosive.
For the lean mixture, the smooth transition is caused by
highly enhanced reactivity of the gas immediately behind
the curved shock, intensified by the compression waves.
Nonetheless, the abrupt transition results from the intersec-
tion between the detonation wave (from the coupling be-
tween shock wave and chemical reactions in the induction
zone) and the OSW. With the evaporating water mists, the
chemical explosion propensity of shocked gas mixtures is re-
duced. Beside, the degree to which the chemical timescale is
reduced in fuel-lean mixtures is generally lower than that in
the stoichiometric gas.

Numerical experiments show that physical (composition di-
lution, thermodynamic state) and chemical effects (reactant
or third-body species for elementary reactions) caused by
water vapor from liquid droplets result in significant differ-

—
N
—

(4)
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ences in ODW initiation and morphology. It is seen that both
effects affect the transition location and ODW angle when
abrupt transition occurs, but only the physical ones are im-
portant for smooth transition. As for the chemical effects of
the water vapor in abrupt transition, it affects deflagration
front structure in the ODW induction zone and post-ODW
temperature.
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Appendix A. Mesh sensitivity analysis

The effects of various mesh sizes (2 and 4 «m) on oblique deto-
nation simulations are examined. The stoichiometric H,/O,/Ar mix-
ture with droplet mass flow rate f; = 0.208 g/s is considered. The
distributions of gas temperature and pressure gradient magnitude
are plotted in Fig. Al. It is observed that the two mesh sizes give
almost the same oblique detonation flow field structure. A quan-
titative comparison is also made about gas temperature, pressure,
mass fractions of OH and H,O along four lines (y = 0.2, 0.4, 0.6,
and 0.8 mm), and the results are demonstrated in Fig. A2. In gen-
eral, the results predicted by the two meshes are very similar.
Therefore, the mesh size of 4 um is used in the simulations.
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Fig. Al. Gas temperature and pressure gradient magnitude predicted with two different mesh sizes. ¢ = 1.0, f; = 0.208 g/s.
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