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ABSTRACT

Rotating detonation combustion fueled with partially prevaporized n-heptane sprays is studied with the Eulerian-Lagrangian method. A
flattened two-dimensional domain with periodic boundaries is considered to mimic the annular rotating detonation combustor. This work
focuses on the effects of prevaporized gas temperature and equivalence ratio on two-phase rotating detonation wave propagation and n-
heptane droplet vaporization characteristics in the refill zone. The results show that gas temperature has a great impact on n-heptane sprays
vaporization in the refill zone. The droplet evaporation rate increases with the gas temperature, especially when they are close to the deflagra-
tion surface. High evaporation rate can be observed for those droplets that are freshly injected into the chamber because they closely interact
with the hot product gas from the previous cycle of the rotating detonation. A vapor layer between the droplet-laden area and deflagration
surface exists and high concentrations of n-heptane can be found along the deflagration surface. A conceptual model for the droplet and
vapor distribution in the refill zone is proposed. The results also show that the blast waves can encroach the refill zone and therefore influ-
ence the droplet thermodynamic properties inside the refill zone. The blast waves influence the droplet evaporation rate but have limited
effects on droplet temperature, diameter, and spatial distributions. Also, the detonation propagation speed increases with increased prevapor-
ized gas temperature and/or equivalence ratio. The detonation cell size decreases and becomes more uniform as the reactant temperature
increases. Moreover, the size and irregularity of rotating detonation cells increase when the prevaporized gas equivalence ratio decreases.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0045222

I. INTRODUCTION

Detonation engine is one of the most promising propulsive devi-

Liquid-fuel RDE experiments have been conducted in
1960s-1970s for the development of rocket-type propulsion technolo-

ces due to the high thermodynamic cycle efficiency and pressure-gain
performance.”” Typical detonation engines can be classified by their
individual operational features, such as rotating detonation engine
(RDE),”* pulsed detonation engine (PDE),”* and oblique detonation
engine (ODE).”” As one of the realizable and scalable detonation
engines, RDE confines the detonation wave within a narrow annular
channel, where the propellant is continuously injected from the inlet
and detonation product exits from the outlet to generate the thrust.” '
Continuous propagation of detonation waves makes RDE produce sta-
ble propulsive output and also simplifies the ignition implementations.
Considering the limited storage space in practical propulsion systems,
e.g., rocket engines, propellants with high energy density are desirable
and utilization of liquid fuels is a key step for RDE commercialization.

gies."* Recently, interests in liquid-fuel RDE are resparked and several
ground tests have been successfully conducted. For instance, Bykovskii
et al. used liquid kerosene in their RDE experiments.'” ' They first
chose a small combustor with a diameter being 306 mm and selected
oxygen-enriched air as the oxidant to achieve a stable rotating detona-
tion wave (RDW). In their recent experiments, hydrogen or syngas is
used and the diameter of the RDE combustor is increased to
503 mm.'”'® Their results show that the RDW cannot be achieved
without additives (i.e., hydrogen or syngas) when standard air is used
as the oxidant.

Kindracki'”’ studied kerosene atomization quality in different gas
velocities and kerosene injection patterns by injecting liquid kerosene
into cold nitrogen stream. Their results show that the diameters of the
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sprayed kerosene droplets range from 20 to 40 um. He also investi-
gated the initiation and propagation characteristics of RDW with lig-
uid kerosene and air and successfully achieved the self-sustained
detonation wave using liquid kerosene and air mixture with the addi-
tion of hydrogen.”’

The foregoing experimental investigations have demonstrated
the feasibility of rotating detonation combustion with liquid fuel
sprays, but one may need to resort to high-fidelity numerical simula-
tions to gain deeper scientific insight into two-phase RDEs, such as
droplet vaporization and movement in the RDE chamber, as well as
fuel vapor distributions. There have already been some computational
efforts. For example, Sun and Ma”' investigated the effect of air total
temperature and octane injection width on RDW propagation. They
pointed out that the detonation wave speed decreases with increased
octane injection width. They also found that there was a critical fuel
injection width for a fixed air temperature. Moreover, Hayashi et al.””
numerically studied the RDW behaviors under different droplet sizes
and prevaporization degrees using JP-10/air as the reactant. They
found that the unburned fuel pockets exist in postshock region and
the interactions between the fuel droplets and detonation wave may
cause the RDW extinction. However, since Eulerian—Eulerian method
is used in their work, the individual behaviors of liquid fuel droplets
cannot be captured.

We numerically studied partially prevaporized n-heptane sprays
with Eulerian-Lagrangian method and analyzed the effects of droplet
sizes on the RDW behaviors.” It is found that the RDW propagation
speed is jointly affected by droplet size and gaseous premixture equiva-
lence ratio. Furthermore, the detonated fuel fraction first decreases,
reaches the minimum values when the droplet diameter is around
20 um, and then increases when the diameter increases toward 50 ym.
This indicates the strong correlation between the droplet sizes and lig-
uid fuel detonative combustion efficiency. Nevertheless, the interac-
tions of the droplets and gas phase inside the fuel refill zone and how
their distributions affect the RDC are not discussed.”’

In this work, we will study the distributions of n-heptane droplets
and vapor in the fuel refill zone of rotating detonation combustion, as
well as their interactions with the key aerodynamic features and reac-
tive flow structures (e.g., shock wave and deflagration surface). Hybrid
Eulerian-Lagrangian method is used to simulate the compressible
reactive flows laden with dispersed fuel droplets and two-way gas —
liquid coupling is considered. A two-dimensional flatten domain is
employed to mimic an annular RDE combustor. In particular, differ-
ent from our previous studies,” the influences of preheated propellant
properties (e.g., prevaporized gas temperature and equivalence ratio)
on the RDW behaviors and droplet evaporation are studied, which is
of great high relevance to practical implementations of RDEs with fuel
sprays.” '? The rest of the manuscript is organized as below.
Governing equations and numerical methods are specified in Sec. II.
Physical model and simulated operating conditions are introduced in
Sec. I1I. Numerical results and discussions are presented in Sec. IV,
with the main findings being summarized in Sec. V.

Il. GOVERNING EQUATION AND NUMERICAL
IMPLEMENTATION
A. Governing equation for gas phase

The gas phase is solved by the transport equations for compress-
ible, two-phase, reacting flows with ideal gas equation of state. The

scitation.org/journal/phf

volume fraction effects of the dispersed phase on the gas phase proper-
ties are not considered, since dilute sprays are studied in this work.”
The equations of mass, momentum, energy, and species mass fraction,
respectively, read

dp

E +V- [pll} = Sass, (1)
O(pu)
o _‘_V.[u(pu)}—FVP-FV'T:Smomv 2
J(pE
(gt )+v [u(pE+P)] +V. [T-u]+V'j :CbT+Senergy7 (3)
A(pYy, ;
(pat ) +V- [u(me)] +V s$m =0, + Sspecies‘ma

(m=1,..M—1), (4
p = pRT. 5)

Here ¢ is time, p is the density, u is the velocity vector, T is the temper-
ature, p is the pressure, Yy, is the mass fraction of mth species, M is the
total species number, and E is the total energy. R in Eq. (5) is the spe-
cific gas constant. Only (M — 1) species equations are solved, and the
inert species (such as nitrogen) can be calculated from fozl Y, =1L
The source terms, Spiasss Smoms Senergys and Sgpecies,m» denote the inter-
phase exchange of mass, momentum, energy, and species, respectively,
and given in Egs. (13)—(16). T is the viscous stress tensor, while j is the
diffusive heat flux and follows Fourier's law. Furthermore, s, is the
species mass flux, @,, is the net production rate of m-th species, and
@7 is the heat release from chemical reactions.

B. Governing equation for liquid phase

The liquid fuel sprays are modeled as a large number of spherical
droplets. The droplet volume fraction is low (less than 1%o), and there-
fore, the inter-droplet collision is neglected.”* Also, the droplet
breakup process is not considered due to the small diameter studied
(i.e., 5 um). The evolutions of mass, velocity, and temperature of indi-
vidual fuel droplets are updated based on the Lagrangian method.”
The corresponding equations, respectively, are

dmd o

el E (6)
dud _ Fd
a i &
dTy Q.+ Quu
PG T my (8)

Here m, is the droplet mass, uy is the droplet velocity vector, and T4
is the droplet temperature. The droplet evaporation rate #14 is calcu-
lated from

my = ﬂddShDabpsln(l + X,,)7 9)

where dj; is the droplet diameter, D, is the vapor diffusivity in the
gaseous mixture, and pg is the density on the droplet surface.
Sh=2.0+ 0.6Relli/ 28¢1/3 is the Sherwood number, and Sc is the
Schmidt number of the gas phase. The droplet Reynolds number, Re,,
is defined based on the velocity difference between two phases, i.e.,
Req = pydi|uag—uy|/p. Here p,; is the droplet material density, u is
the dynamic viscosity of the gaseous mixture, and uay is the gas phase
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velocity at the Lagrangian droplet location. In Eq. (9), X,
= (X5 — Xc)/(1 — Xs) is the concentration difference between the
ambient gas and droplet surface, scaled by that between the droplet
surface and interior. Here X¢ is the fuel species molar fraction in the
surrounding gas, while X is the fuel species molar fraction at the
droplet surface.

In Eq. (7), F; is the force acting on the droplet, including the
Stokes drag force [Iin Eq. (10)] and pressure gradient force an*

181 C4Rey 1
d= 7#2 md(ll@d — lld) 777‘Cdsvp . (10)
pad’ 24 6
S
I I

Here C; is the drag coefficient, and Rey is the droplet Reynolds num-
ber, based on the slip velocity between gas and droplet phases.
The convective heat transfer rate Q. is calculated from

Qc = heAa(Taq — Ta), (1
where A, is the surface area of a single droplet, . is the convective heat
transfer coefficient, Tiay is the gas temperature at the droplet location.
Moreover, evaporation-induced heat transfer, Q, is estimated as

Quat = hgoit = hipoil, (12)

where hg poir and hy o are, respectively, the enthalpies of carrier gas
phase and liquid phase under the droplet boiling temperature.

The source terms in Egs. (1)—(4) account for the effects of dis-
persed liquid fuel droplets on the gas phase and are calculated based
on the properties of the droplets in individual CFD cells, i.e.,

1 Ny .
Stmass = 7 ld mq, (13)
c
1 Ne, o .
Smom - _vzli(_mdud+Fd)7 (14)
c
1 Ny [ - .
Senergy = 7?21'1 <Qc - mdhg,buil>a (15)
c
P Smass  for condensed species (16)
speciesmt = 0 for other species.

Here V., is the CFD cell volume and Ny is the droplet number in a cell.
Note that —rigu; in Eq. (14) represents the evaporation-induced
momentum exchange between the gas and liquid phases. More detailed
information about the gas phase and liquid phase equations and submo-
dels used in Sec. IT A and this section can be found in Refs. 23 and 26.

C. Computational implementation

The governing equations for gas and droplet phases are solved by
a hybrid Eulerian—Lagrangian solver, RYrhoCentralFoam,” which is

TABLE I. Chemical reactions for n-C;H;g oxidization (units in cm s mole cal K).

scitation.org/journal/phf

developed based on a compressible flow solver rhoCentralFoam in
OpenFOAM.” The accuracies of RYrhoCentralFoam have been con-
firmed through extensive benchmark tests, in terms of predicting
shock waves, species diffusion, shock-chemistry interaction, detona-
tion cell size, and frontal structure.”>*” *' Droplet models (e.g., evapo-
ration) and two-phase interactions are also validated and verified, and
it is shown that the RYrhoCentralFoam solver can accurately capture
the individual droplet response to a flow with shock waves and chemi-
cal reactions.”” The foregoing validation and verifications of
RYrhoCentralFoam have been collectively shown in Ref. 27. Recently,
this solver has been successfully used for modeling RDE with gaseous
and liquid fuels.”**"*

The gas phase equations [i.e., Egs. (1)-(4)] are discretized with cell-
centred finite volume method. Second-order implicit backward scheme
is applied for time discretization, and the time step is about 10~ s (CFL
number is around 0.1). Second-order Godunov-type upwind-central
scheme developed by Kurganov et al.”” is used for calculating the con-
vection term in the momentum equation, while the TVD (total variation
diminishing) scheme is used for the convection term in the energy and
species mass fraction equations. Second-order central differencing
scheme is applied for the diffusion terms in Eqs. (1)-(4).

The chemical terms in Egs. (3) and (4), @,, and @1, are inte-
grated with the Euler implicit method. Two-step reactions of n-C;H;,
oxidization are employed in this work, which is listed in Table I with
their respective parameters for Arrhenius kinetics.”"” In Table I, A is
the pre-exponential factor, # is the temperature exponent, E, is the
activation energy, a and b are the fuel and oxidizer reaction orders,
respectively. It should be noted that to differentiate the n-heptane spe-
cies from prevaporization and in situ droplet evaporation in the RDE
chamber, we respectively use “n-C;H;s” and “n-C;H;4(v)” to denote
them. Accordingly, they have separate reactions I and II, with identical
kinetic parameters. The current reaction model is validated against a
skeletal mechanism™ through calculations of #n-C,H;g/air ZND
(Zeldovich-von Newmann-Doring) structures with SD Toolbox’
(see the Appendix A), and it is shown that it can correctly reproduce
the detonation propagation speed, pressure, and temperature at both
von Neumann and Chapman-Jouguet conditions in the ZND
structures.

Moreover, the governing equations of the liquid phase, ie.,
Egs. (6)—(8), are solved with the first-order implicit Euler method and
the gas properties at the droplet locations (e.g., uag and Tay) are cal-
culated by linear interpolation. Two-way coupling between the gas
and liquid phases about species, mass, momentum, and energy
exchanges is performed for each time step.

It should be acknowledged that our understanding of turbulence—
detonation interactions is still limited, although turbulence is ubiqui-
tous in real RDE combustors. This is associated with the extreme
nature of the detonative flow field, which is characterized by extremely

Reaction A n E, a b References
I 2n-C,H;4+150, = 14CO+16H,0 6.3 x 10" 0.0 30 000.0 0.25 1.5 34
I 2n-C,H;4 (v)+150, = 14CO+16H,0 6.3 x 10" 0.0 30 000.0 0.25 1.5 34
111 2C0+0, <= 2CO, 4.5 x 10" 0.0 20 000.0 1.0 0.5 35
Phys. Fluids 33, 043307 (2021); doi: 10.1063/5.0045222 33, 043307-3
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high pressure, temperature, and strong isochoric chemical heat release.
These make them probably different from the classical Kolmogorov-
type turbulence.” Direct numerical simulation of rotating detonation
combustion is still not affordable so far. Moreover, it may be question-
able to use a classical turbulence model, originally developed for low-
Mach-number flows, in RDE modeling. The development of turbu-
lence models for detonations is an important area of detonation stud-
ies and still needs considerable future efforts.

Ill. PHYSICAL MODEL
A. Two-phase rotating detonation model

Figure 1 shows the schematic of rotating detonation in a two-
dimensional unrolled model RDE chamber. For simplicity, the
upstream plenum is not considered, since only the detonation in the
chamber is relevant in this work. The sizes of the domain are 153 mm
and 50 mm in x- and y-directions, respectively. This extent ensures
that the rotating detonation wave and accompanied flow features (e.g.,
oblique shock, slip line, and deflagration surface) can be correctly cap-
tured. The effects of the model chamber length are analyzed (see the
Appendix B) by doubling it to 306 mm (x direction), and it is demon-
strated that the two-phase RDC features would not be changed quali-
tatively with increased combustor length.

The boundary conditions are marked in Fig. 1. Specifically, the
outlet is nonreflective, to avoid the backpropagation of the pressure
wave or other perturbations from the outlet toward the upstream near
the head end, where the RDW and deflagration surface reside. The
boundary conditions for the left and right sides are periodic, such that
the rotating detonation wave can continuously propagate through the
flattened domain.

Partially prevaporized n-heptane sprays are injected into the
domain via the continuous inlet at the head end (as shown in Fig. 1),
and the fuel is hybrid, composed of #-C;H, vapor and liquid #-C;H,¢
droplets. The fuel injection condition will be detailed in Sec. IIIB.
Also, the prevaporized n-C;H; is assumed to be well mixed with the
carrier gas, air, before they are injected into the chamber. Hereafter,
the prevaporized n-C;H;¢ and air premixture is termed as prevapor-
ized gas for brevity. Also, to be readily distinguished, the gaseous
n-C;H;¢ from prevaporization is termed as “prevaporized n-C;H;s,”
whereas that from the in situ droplet evaporation in the RDE chamber
is “n-CgH,; vapor” Their formulas, respectively, correspond to
n-C;H,¢ and “n-C,H,¢(v).”

Non-reflective Outlet

y
Oblique Shock Wave (OSW)
Shock Triple Point (STP)
Deflagration Surface (DS)
Periodic  Slip Line (SL) - =< Periodic
Detonation Wave (DV'V.) 80 o 6‘0\ Droplet Interface (DI)
Q 00!
el 82%%
RDW propagation direction * « 0000
RO : i 99%%09%8
o & * x
n- C7H1s(|)+" c1H1a(9)
Reactant Inlet

FIG. 1. Schematic of rotating detonation with liquid fuel sprays in a 2D unrolled
chamber.
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The liquid fuel droplets are monodispersed with an initial diame-
ter being 5 um. Also, different degrees of n-heptane prevaporization
are considered, which are parameterized by prevaporized gas equiva-
lence ratio ¢, (calculated based on prevaporized n-heptane and air).
To examine how the reactant preheating temperature affects the spray
RDC, various total temperatures T, of the injected prevaporized gas
are considered. They will be detailed in Sec. 111 B. Moreover, the total
injection pressure of the premixed gas is fixed to be 20 atm in all our
simulations. Variations of the total pressure may lead to different
rotating detonation behaviors,” but their effects will not be studied in
this work.

The inlet mass flow rates of n-heptane vapor and air are deter-
mined by injection total pressure and local pressure near the inlet
based on the isentropic expansion relations.”” ** For n-heptane drop-
lets, kinematic equilibrium between the gas and liquid phases is
assumed, such that the droplets have the same injection velocity as
that of the n-heptane vapor. This is practically possible, particularly
when the injection plenum connected with the RDE facility is suffi-
ciently long and hence the interphase momentum relaxation can be
completed.”” More detailed information about injection conditions
can be found in our previous work.”’

Initially (at t=0), the domain in Fig. 1 is filled with standard air
(1atm and 300K). To initiate the detonation wave, a fresh reactant
layer (153 mm x 12mm) with stoichiometric gaseous n-heptane/air
premixture is patched near the inlet for detonation initiation. One
rectangular ignition spot (20atm and 2000K, 1mm x 12mm) is
applied near the left boundary. Within the first cycle, the left and right
boundaries are assumed to be solid walls, to avoid two detonation
waves propagating oppositely in the combustor. When the right prop-
agating detonation wave is close to the right boundary, both left and
right boundaries are changed to periodic condition. Therefore, in the
subsequent cycles, the RDW can continuously propagate across the
domain.

The computational domain in Fig. 1 is discretized with
Cartesian cells. Uniform cells are distributed along x direction and
the spacing is Ax =50 um. Moreover, the cells are stretched along y
direction. Specifically, the grid size gradually increases toward the
outlet and the ratio of maximum (downstream) to minimum cell
sizes (upstream) is 10, which leads to an averaged cell size of
Ay =50 pum near the head end of the model RDE chamber. Since the
Lagrangian tracking in our work is based on point-force assumption,
the droplet diameter is supposed to be smaller than the cell size, to
ensure that the interpolated gas phase quantities at the droplet loca-
tion (e.g., wag and Tag) can well approximate those along the drop-
let surface.” This essentially leads to the fact that the Lagrangian fuel
droplets are not resolved by the Eulerian mesh in our modeling strat-
egy and therefore are at a subgrid scale. With this rationale, the
Eulerian mesh resolution Ax and Ay (50 um) are larger than the
Lagrangian droplet diameter (i.e., 5 um in this work). Mesh sensitiv-
ity analysis is performed with three grid sizes, and their total grid
numbers are 12 x 10° (25 um), 3 x 10° (50 um), and 0.75 x 10°
(100 um). The results (Appendix C) show that the resolution of
50 um can accurately capture the RDW and droplet dynamics.
Further increased mesh resolution does not change the main flow
and combustion features of the liquid fuel rotating detonations.
Therefore, the mesh with 3 x 10° (50 um) cells will be selected for
our following simulations of two-phase rotating detonations.

Phys. Fluids 33, 043307 (2021); doi: 10.1063/5.0045222
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TABLE II. Simulated liquid fuel RDC cases.

scitation.org/journal/phf

Gas phase Liquid phase
Case T, (K) b, tcrmieg (kg/s) o mermed (kgls) o d5 (um)
1 300 0.8 0.263 0.066 0.025 25x 107 5
2 400 0.8 0.246 0.095 0.029
3 0.7 0.265 0.094 0.033
4 0.65 0.3 0.09 0.036
5 500 0.8 0.365 0.128 0.042

B. Simulation case

Table II shows five cases characterized by different prevaporized
gas temperatures (Ty) and equivalence ratios (¢, and ¢,). Liquid drop-
let (¢;) and prevaporized gas (¢,) equivalence ratios are calculated
based on the mass of n-heptane sprays and gasified n-heptane, respec-
tively, as well as the oxidizer from the prevaporized gas. Moreover, the
global equivalence ratio (¢,) can be obtained through ¢, = ¢, + ¢;.

The liquid phase volume fraction () and initial diameter (dg) of
the injected fuel droplets are fixed to be 2.5 x 10™* and 5 um in our
simulations, respectively. To account for the influence of propellant
preheating and liquid fuel prevaporization, various values of T, and
¢, will be investigated in this work. As shown in Table II, cases 1, 2,
and 5 have the same prevaporized gas equivalence ratio (¢, = 0.8), but
the temperature T, increases from 300K to 500 K. As for cases 2, 3,
and 4, they have the same prevaporized gas temperature (T, = 400 K),
but the prevaporized gas equivalence ratio ¢, gradually decreases
from 0.8 to 0.65.

Moreover, the mass flow rates of prevaporized and liquid n-hep-
tane are also detailed in Table II. They are, respectively, estimated
based on the mass flow rate 710141, Of the total injected gas and the lig-
uid phase volume fraction o. Apparently, the prevaporized n-heptane
mass flow rate 7i1¢7p16,¢ is calculated by i1, and the mass fraction
of prevaporized n-heptane. That for liquid n-heptane, #7516 4, is cal-
culated according to the total injected gas volume flow rate Vi,
multiplied by the droplet volume fraction « and liquid n-heptane
material density p,;.

IV. RESULTS AND DISCUSSION
A. General characteristics

Figure 2 shows the contours of gas temperature overlaid by n-
C;H; Lagrangian droplets, n-C;H;s vapor mass fraction, pressure,
and its gradient magnitude, respectively. The results in this subsection
correspond to 1000 pm after the ignition, approximately, and the deto-
nation wave has traveled in the computational domain over 10 cycles.
The droplets in Fig. 2(a) are colored by droplet diameter. The results
are from case 2 (T,= 400K and ({)g =0.8). It is seen from Fig. 2(a)
that the droplets are mainly distributed in the triangular fuel refill
zone, and their diameters show limited changes due to weak evapora-
tion therein. It should be mentioned that although the reactants are
preheated, the static temperatures in the refill zone are still low, rang-
ing from 320 K to 380 K, and the fuel droplets fail to pronouncedly ini-
tiate the evaporation process. However, close to the deflagration
surface [(DS) in Fig. 2(a)], evaporation of n-heptane droplets apprecia-
bly increases. This results in a vapor layer [(VL) in Fig. 2(a)] between

the DS and droplet-laden area in the refill zone. Additionally, a portion
of the fuel droplets survive in the postdetonation region (indicated by
the white arrow) and the droplet diameters are quickly reduced after
they travel through the detonation front due to the strong evaporation
rate caused by the high local gas temperature (over 3000 K), as shown
in Fig. 2(a).

It can be seen in Fig. 2(b) that a high concentration of n-C;H;,
vapor due to the droplet in situ evaporation in the RDE chamber can
be observed in the vapor layer. This is because the injected droplets
move dominantly along the y-direction in the refill zone, as unveiled
by our recent work based on the droplet trajectory analysis.” Hence,
those at the top of the droplet-laden area generally have a relatively
longer residence time in the RDE chamber, and they interact with the
hot DS immediately after they are injected. Ahead of the RDW, the
thickness of the vapor layer is increased to about 25% of the local
height of the fuel refill zone. Also, the morphology and stability of the
DS are strongly affected by the blast waves [(BW) in Fig. 2(d)].”” Note
that these blast waves are emanated from the shock triple point, caused
by the local acoustic impedance of the fresh and burned gas demar-
cated by the DS to the RDW.** One can see from Fig. 2(d) that some
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FIG. 2. Contours of (a) gas temperature with n-C;H;¢ droplets, (b) n-C7H4s vapor
mass fraction, (c) pressure, and (d) magnitude of pressure gradient. Results from
case 2: Tg= 400K and ¢, =0.8. VL: vapor layer, DS: deflagration surface, BW:
blast wave.
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from case 5: Tg= 500K and ¢, =0.8.
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of the blast waves are transmitted through the DS and continuously
propagating in the refill zone, inclined with respect to the RDW.
These blast waves may further influence the evaporating droplets
inside the fuel refill zone and this will be further discussed in Figs. 5-7.

Likewise, the counterpart results from case 5 are shown in Fig. 3,
with ¢, =08 and increased prevaporized gas temperature
T, =500 K. Stronger evaporation occurs in the refill zone, which leads
to more distributed gaseous n-C;H;¢ therein compared to that in Fig.
2(b). For droplets from the same injection location, when they cross
the refill zone, their evaporation starts spatially earlier than in Fig. 2
(b), corresponding to half height of the refill zone. Also, more leakage
of unburned n-C;H;¢ vapor from the shock triple point can be found.
For higher reactant temperature (500 K) in Fig. 3, the peak pressures
at the RDW are lower than those in Fig. 2(c) with Ty =400 K, because
of the reduced volumetric energy density of the detonable gas when
the gas temperature is elevated."”

Figure 4 shows the results from case 3 (T,=400K and
¢g =0.7), which is introduced to be compared with Fig. 2 (qbg =0.8)
about the influence of prevaporized gas equivalence ratio on rotating
detonation combustion. The flow structure, detonation wave, droplet,
and vapor distributions are qualitatively similar to those in Fig. 2. This
indicates that further reduction of prevaporized gas equivalence ratio
from 0.8 to 0.7 does not show remarkable effects on the foregoing fea-
tures. Nevertheless, compared to Fig. 2(a), there are more escaping
fuel droplets in the postdetonation region when ¢, is reduced, as
shown in Fig. 4(a). This implies that low prevaporization (lower ¢,)
would lead to less in situ evaporation within the refill zone and hence
insufficient utilization of the liquid fuel. This is because that lower pre-
vaporization degree generally results in a relatively weaker detonation
wave, and therefore the droplets are heated more slowly near the deto-
nation wave and are more difficult to be fully vaporized.”

When the prevaporized gas equivalence ratio is further reduced
to ¢g =0.65 (case 4), the main detonation features have limited differ-
ences from those in case 3 (hence not presented here). However, more
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FIG. 4. Contours of (a) gas temperature with n-C;H4¢ droplets, (b) n-C7H4s vapor
mass fraction, (c) pressure, and (d) magnitude of pressure gradient. Results from
case 3:Tg =400K and ¢, =0.7.
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residual fuel droplets exist in the postdetonation region. In our simula-
tions, stable RDW cannot be achieved if the prevaporized gas equiva-
lence ratio is reduced to less than 0.65. Therefore, this indicates that
without sufficient prevaporization of the liquid fuel, it is difficult to
maintain the RDW with liquid n-heptane sprays. For liquid fuel
RDEs, how much liquid fuels should be gasified before being injected
into the combustor and whether an optimal percentage envelope exists
are still open questions and should be further studied.

In Figs. 2(b), 3(b), and 4(b), one can see the mass fractions of n-
C;H; vapor are high along the convoluted deflagration surface, and
the peak values range from 0.4 to 0.5 in these cases. The reader should
be reminded that these fuel vapors are visualized fully based on the in
situ droplet evaporation [ie., n-C;Hi4(v)] in the RDE chamber,
excluding the prevaporized ones. This phenomenon is also observed
by Hayashi et al in their Eulerian-Eulerian modeling of JP-10/air
RDE,” but they did not explain the underlying mechanisms and the
individual droplet distributions cannot be captured due to the
Eulerian—Eulerian approach. Based on our studies, the accumulation
of the n-heptane vapor is mainly from two possible sources. First, at
the right end of the fuel refill zone where the reactant injection is just
recovered after the RDW passes, the droplets are injected into the
RDE chamber where the denoted products from the last RDW cycle
are still close to the inlet. Such intimate interactions with the hot envi-
ronment lead to fast evaporation of these newly injected droplets.
These fuel vapors cannot be deflagrated due to the locally rich compo-
sition and instead are transported along the sheared contact surface
toward the triple point and oncoming detonation wave. Second, as
shown in Figs. 2(b), 3(b), and 4(b), the droplets at the top of the
droplet-laden area in the refill zone strongly vaporize, which also con-
tributes toward the vapor accumulation along the deflagration surface.
As such, essentially, formation of the high concentration of n-C;H;¢
along the contact surface is associated with the early batch of fuel
droplets when the fuel inlets are activated. This would affect the
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combustion characteristics along the contact surface and therefore
may modulate the fraction of the detonated fuels.””*” Ultimately, the
RDW consumes part of the vapor near the triple point, while the rest
escapes from the refill zone [see Fig. 3(b)]. In implementations of prac-
tical liquid fuel RDE's, high concentration of #n-heptane from droplet
evaporation along the DS is supposed to be avoided, since this may
deteriorate the overall detonation combustion efficiency and local fuel-
rich burning may also lead to generation of the pollutants (e.g., soot,
carbon monoxide, or oxides of nitrogen).46 A possible solution, but
needed to be deliberately designed, is to adjust the timing of liquid fuel
injection, to ensure the early batch of the liquid fuel sprays is directly
injected into the refill zone, instead of the hot detonated gas.

B. Detailed structure in refill zone

Detailed structure of the flow field and droplet properties in
the fuel refill zone will be further discussed in this section. Plotted in
Fig. 5(a) is the gas temperature, and the upper limit of the temperature
range is clipped to 400K for a clear demonstration of the refill zone
temperature. The black solid line in Fig. 5(a) is the two-phase contact
surface (TCS), which is the top layer of the droplet-laden area. The
upper boundary of gas temperature contours loosely corresponds to
the deflagration surface [i.e, DS in Fig. 5(b)]. Furthermore, we can
obviously see the wavy temperature distributions caused by the com-
pression of the blast waves and this can be further confirmed by visual-
izing the instantaneous blast wave locations with pressure gradient
magnitude in Figs. 5(b)-5(f). The low temperature rise behind the
blast waves indicates that their intensities are generally weak.

Figures 5(b)-5(f) show the contours of the pressure gradient
magnitude overlaid by the Lagrangian droplets with various parame-
ters, including droplet temperature T, evaporation rate 71,4, diameter
dg, Sherwood number Sh, and slip velocity |uag — ug|. The blast
waves have no apparent effects on droplet temperature variations,
even if the gas temperature has already increased because of the blast
wave as shown in Fig. 5(a). This is reasonable, because there exists a
finitely long thermal relaxation time for the droplets to be heated
caused by heat exchange with the gas phase. Similar droplet momen-
tum relaxation duration is also observed, which can be confirmed by

Vol (Paim)
2e10
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the finite slip velocity behind the blast waves in Fig. 5(f). This leads to
increased droplet Reynolds number Rey (results not shown here) and
Sherwood number Sh [Fig. 5(e)] of the corresponding droplets. As
shown in Fig. 5(c), droplet evaporation rate 71, increases behind the
blast waves. Based on the results in Figs. 2(a) and 2(e), one can see that
this enhancement from the blast waves is associated with the kine-
matic, instead of thermal, effects. This is also observed by Zhuang
et al”’ in their simulations of detonations in water mists and termed
as the Sherwood number effect. Meanwhile, this enhancement only
occurs at the upper part of the droplet-laden area, where the fuel drop-
lets have already been heated. Near the fuel injector, limited variations
of rirg can be seen from Fig. 5(c) due to low droplet temperatures
(around 300 K). Although we can observe that the evaporation rate is
affected by propagating blast waves, however, the limited fuel sprays
are fully vaporized within the droplet-laden area, with less pronounced
diameter reduction, as indicated in Fig. 5(b).

Figure 6 shows the close-up view on the vapor layer, deflagration
surface, and n-C;H,¢ droplets (colored by the evaporation rate #i4).
Figure 6(a) shows the contour of n-heptane vapor, n-C;H;4(v), near
the deflagration surface. When the droplets are closer to the DS, drop-
let evaporation starts, which leads to isolated or connected high con-
centration of n-heptane vapor around the droplets. Therefore, the
concentration of n-heptane vapor near the two-phase contact surface
is high, and the vapor layer is filled with the nonuniform n-heptane.
This is also demonstrated in Fig. 2(b). All these vapors contribute
toward the high concentration of n-heptane along the DS, as discussed
in Sec. IV A. One can see from Fig. 6(b) that some residual evaporating
droplets are engulfed by the eddies along the DS, visualized by the iso-
lines of A, [the second largest eigenvalue of $’+ W2 $=0.5(Vu
+Vu") and W = 0.5(Vu —Vu")] in Fig. 6(b)."*

The interactions between the blast waves, compressed gas phase,
and liquid droplets are also further demonstrated in Figs. 6(c) and
6(d). Although the traveling blast wave encroaches the fuel refill zone,
however, the fuel spray droplets do not appreciably move with and
therefore follow the blast waves, thereby not resulting in droplet pref-
erential accumulation immediately behind the shock front and shock-
driven multiphase instability."” °' This may be because the blast waves

* - . FIG. 5. Interactions between blast waves
and fuel droplets in the refill zone: (a) gas
.o temperature, (b) droplet temperature, (c)

droplet evaporation rate, (d) droplet diam-

o eter, (e) Sherwood number, and (f) veloc-

| ity difference between droplet and gas
| phases. Results from case 2. Background

N contours in Figs. 5(b)-5(f) is pressure gra-
| dient magnitude. The black line in Fig. 5(a)

. 0 is the two-phase contact surface, while the

ugq-til(m/S) red lines in Figs. 5(b)-5(f) denote the def-

| R lagration surface.
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and deflagration surface: (a) n-heptane
vapor mass fraction, (b) vorticity magni-
tude, (c) pressure gradient magnitude,
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are relatively weak and/or the droplet inertial is large. This feature is
practically important to attain organized, continuous, and self-
sustained rotating detonation combustion with liquid fuel sprays. Any
aerodynamic perturbation on the liquid fuel droplets inside the refill
zone would affect the nonuniform and/or nonsteady fuel supply for
the rotating detonation waves. This may induce adverse outcomes,
such as RDW destabilization and even failure, and therefore deterio-
rate the overall performance of an RDE.
-

|
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Likewise, Fig. 7 shows the close-up view on the shock triple point
of the same case in Fig. 6. Obviously, the droplet evaporation rate con-
siderably increases when they cross the detonation front. No accumu-
lated n-heptane vapor around these escaping droplets is observed, due
to the local chemical reactions in the denoted gas environment. One
can find that part of n-heptane vapor near the deflagration surface is
consumed near the shock triple point. Nonetheless, some of them leak
and are transported downstream along the slip line. The transverse

(M v, (kgls)
P

3et0 5el0

FIG. 7. Close-up view of the shock triple
point: (a) n-heptane vapor mass fraction, (b)
vorticity magnitude, (c) pressure gradient
magnitude, and (d) gas temperature. The

1e 5e 1e® 300

Lagrangian droplets are colored by the evap-
oration rate. Results from case 2. Isolines in
(¢)and (d) are 2, =1 x 10152,
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FIG. 8. Close-up view of n-C;Hq¢ vapor
mass fraction and fuel droplets along (a)
and (c) deflagration surface and (b) and
(d) shock triple point in case 3 (a) and (b)
and case 5 (c) and (d).

and detonation waves are obviously observed, and the transverse wave
has limited effects on the droplets in postshock region.

In Figs. 5-7, only case 2 is discussed, and Fig. 8 shows the coun-
terpart structures near the deflagration surface and shock triple point
in case 3 (¢g: 0.7, Ty= 400K) and case 5 (qﬁg: 0.8, T,= 500K).
Comparing Figs. 6(a) and 8(a), as well as Figs. 7(a) and 8(b), one can
find that the distributions of n-heptane vapor and droplet distributions
are generally similar. This indicates that the variations of the prevapor-
ized gas equivalence ratio from 0.8 to 0.7 do not significantly affect the
above aspects. However, the changes of gas temperature, from 400 K
to 500K, considerably influence the droplet evaporation in the refill
zone, as shown in Figs. 8(c) and 8(d). These observations are consis-
tent with those in Sec. IV A, based on Figs. 2—4.

C. Further interpretations of layered characteristics
of fuel sprays

Based on the results in Secs. [V A and IV B, in Fig. 9, we further
sketch the conceptual model of layered distributions of liquid droplets
and gaseous vapor in the fuel refill zone of rotating detonation.
Specifically, they include cold sprays from the liquid fuel injectors
(marked with I in Fig. 9), heated and evaporating sprays (II), and
vapor layer (IIT). Above the vapor layer, there is the deflagration sur-
face (or contact surface) where considerable vapor accumulation can
be found. The properties of the carrier gas and liquid fuel droplets
would affect the distributions of the above zones I, II, and II1. For cold
sprays, it takes finitely long time (corresponding to zones I and II) for
them to be heated and then vaporize. Ideally, zone III is supposed to
be maximized in the refill zone, which means the high fuel vapor con-
centration therein. These vapors can be consumed by the RDW and
therefore is beneficial for the detonative combustion.

One can see from Secs. IV A and IV B that the kinetic contribu-
tions of liquid fuels toward the rotating detonations can be categorized
as (1) evaporation in the refill zone before the RDW arrives and (2)
evaporation around the RDW front. For the former, finitely long time
is required for the liquid fuels to be converted into detonable gas, while
for the latter, it is more instant and only occurs when the propagating
RDW sweeps the droplets, through direct two-phase interactions (e.g.,
drag, pressure gradient, and strong convective heat transfer). Based on
the droplet size in this study, when the droplets cross the RDW, strong
droplet evaporation proceeds. However, whether there is a critical
droplet diameter with which they can be effectively consumed by the
RDW and how the vapor inhomogeneity (imperfectly reactant mixing
around the detonation wave) affects the instantaneous detonation
dynamics need future investigations.

Moreover, in the first category, if the distance between the indi-
vidual droplets and the RDW is L, then the duration for the latter to
approach the droplets is about T4 = Lg/Dget (Deet is the averaged

I: cold sprays

II: heated and evaporative sprays

I: vapour layer

Shaded area: vapour-filled area
% Ce

ﬁﬁﬁﬁﬁﬁﬁﬁ

Fuel spray inlet

FIG. 9. Conceptual model of distributions of liquid fuel sprays and vapor in the refill
zone of rotating detonation.
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RDW propagation speed).”” To have sufficiently detonable gas in the further discussed in Sec. IV D. Unfortunately, for the droplets injected

refill zone, within this period, there is a sequence of processes to be close to the RDW, limited time is available for them to be fully heated,

completed, including droplet heating, evaporation, and reactant mix- let alone evaporation. Their kinetic contributions toward the detona-

ing. The droplet heating and evaporation in the refill zone will be tion wave depend on whether they can be quickly consumed by the
RDW; otherwise, deflagrative combustion can proceed in the deto-
nated gas or the residue droplets exit from the RDE chamber.
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FIG. 10. Scatters of droplet temperature vs droplet residence time in the refill zone: FIG. 11. Scatters of droplet evaporation rate vs droplet diameter in the refill zone:
(a) Ty =400K and ¢, = 0.8 (case 2); (b) Ty =500K and ¢, =0.8 (case 5); (c) (a) Ty =400K and ¢, =0.8 (case 2); (b) Ty =500K and ¢, =0.8 (case 5); (c)
Ty =400K and ¢, =0.7 (case 3). Tq=400K and ¢, = 0.7 (case 3).
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Although more complicated factors exist in practical liquid fuel
RDEs, such as turbulence, three-dimensionality, and liquid fuel atomi-
zation/breakup, however, the conceptual model in Fig. 9 provides a
physical guidance and insight into implement rotating detonations
with liquid fuels.

D. Droplet heating and evaporation in the refill zone

Figure 10 shows the scatters of droplet temperature (Ty) vs drop-
let residence time (7) in the refill zone. The results in Figs. 10(a)-10(c)
are, respectively, from cases 2, 5, and 3. The scatters are colored by
their y-direction coordinates y;. The droplet temperature increases
when the droplet residence time increases. This indicates that the
droplets are continuously heated by the preheating gas when they
move downstream from the inlet. The scatters near the top (red color)
have the longest residence time in the refill zone and the largest height
(around 12 mm). This approximately corresponds to the detonation
wave height and those droplets are close to the shock triple point con-
necting the RDW, DS, and the oblique shock (see Fig. 1). However,
the temperatures of the droplets with the longest residence time are
different. Specifically, when the prevaporized gas temperature is 400 K
in Figs. 10(a) and 10(c), the droplet temperature can be up to 350K,
while for the gas temperature is 500 K, it is around 400 K [see Fig. 10(b)].
Note that the averaged gas temperature in the refill zone is about 380 K
(in cases 2 and 3) and 470K (in case 5) in the refill zone, which means
that the droplets near the shock triple point have been close to the gas
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FIG. 12. (a) Detonation propagation speed and (b) deficit as functions of prevapor-
ized gas temperature.
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temperature and hence reached interphase thermal equilibrium.
However, their temperatures are still lower than the boiling point
(about 540 K) under the local conditions.

Furthermore, in Figs. 10(a) and 10(c), we can find that the
temperatures of some droplets are higher than the prevaporized gas
temperature, i.e., 400 K, and can be up to T; = 500 K. Their temper-
atures are close to the boiling point and therefore strong evapora-
tion proceeds. These droplets generally have shorter residence
times (7 < 20 us). This indicates that they are freshly injected from
the inlet and have been quickly heated by the detonated gas. They
correspond to the first batch of the fuel spray injection and lie near
the two-phase contact surface (denoted with TCS in Figs. 5-7).
They make significant contributions toward the formation of high
vapor concentration along the deflagration surface, as discussed in
Sec. IV B. For those droplets with the intermediate location y,, the
droplet temperature increases with y,, because of the heating by the
hot gas. It should be clarified that the same scatter color generally
represents the droplets in a range of y location (3 mm for each
color), so the scatters with the same color are distributed when they
are plotted vs the droplet temperature. The droplet temperature
increases with droplet residence time and hence the scatters in the
same color are strip-shaped in Fig. 10.

Figures 11(a)-11(c) show the scatters of the droplet evaporation
rate (ri14) vs the droplet diameter (d;) in the refill zone in cases 2, 5,
and 3. They are also colored by the y-direction location y;. We can
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FIG. 13. (a) Detonation propagation speed and (b) deficit as functions of prevapor-
ized gas equivalence ratio.
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observe that the droplets with a high evaporation rate 1, have rela-
tively low y; and meanwhile their corresponding diameters d; are
more distributed, from the initial droplet diameters to very small ones.
Those droplets with an initial diameter (about 5 um) correspond to
those initially injected from the inlet and interact closely with the hot
product gas. In general, for high prevaporized gas temperature [e.g.,
500K in Fig. 11(b)], the whole scatters lie at higher locations than
those with low reactant temperature [e.g., 300 K in Fig. 11(a)], which
means that the droplet evaporation rates are generally higher. The
upper, but sparser, scatters in Figs. 11(a)-11(c) correspond to those
near the deflagration surface. The lower scatters show obvious differ-
ences and ri14 is the highest for these scatters in Fig. 11(b), because of
the high preheating temperature, which means that the concentration
of scatters near the dashed line is high than that in Figs. 11(a) and
11(b) when the total scatters are close. Moreover, there are limited
differences between Figs. 11(a) and 11(c) because their prevaporized
gas temperatures are the same.

E. Detonation speed

The effects of the prevaporized gas temperature and equivalence
ratio on rotating detonations will be discussed in this section. Figure 12
shows the average detonation speed and deficit as functions of different
prevaporized gas temperatures. The two-phase cases correspond to the
numerical simulations in the current study. Pure gas cases (theoretical
results) are the calculations based on the SD Toolbox’” and only preva-
porized gaseous n-C,;H,s (no liquid droplets) are considered. Pure gas
cases (CFD results) are from numerical simulations with only preva-
porized gaseous n-C;H;¢ (no liquid droplets). The full vaporization
cases are also calculated with the SD toolbox, but the gas compositions

(a)

scitation.org/journal/phf

are estimated by assuming that all the n-C,;H;¢ sprays are vaporized in
the mixture.

As shown in Fig. 12, detonation propagation speed Dg; in two-
phase RDC lies between the theoretical results (with SD Toolbox)
from pure gas and full vaporization cases. This is because all the cur-
rent cases are under fuel-lean conditions (see Table 1) and evapora-
tion of liquid #-C;H,¢ sprays makes the total equivalence ratio of the
detonable mixture closer to stoichiometric condition. Therefore, the
theoretical cases with fully vaporized n-heptane have the highest deto-
nation speed. Due to the existence of the n-C;H;¢ droplets, the com-
puted detonation propagation speeds from two-phase RDC are
slightly lower than the results in the full vaporization cases but higher
than those in pure gas cases from SD Toolbox. Also, due to increased
reactant temperatures from 300 K to 500 K, the two-phase detonation
speed increases. The greater sensitivity of the detonation wave propa-
gation in two-phase RDC to the reactant temperature can be found in
Fig. 12(a), characterized by the larger slope in the Dy,; — T diagram.
The rotating detonations with only prevaporized n-heptane are also
simulated with the same configuration in Fig. 1. With increased qbg,
the detonation propagation speed increases. Also, the detonation speed
in pure gas (CFD results, ¢, =0.8) case is very close to the corre-
sponding theoretical results because of the homogeneous (purely gas)
reactants ahead of the RDW. Moreover, velocity deficit Dy of the two-
phase RDW propagation speed Dy, in Fig. 12(b) is estimated based
on the full vaporization cases in Fig. 12(a). Apparently, Dy decreases as
the reactant temperature increases from 300K to 500 K. This is rea-
sonable since higher reactant temperature generally results in more
droplet evaporation inside the refill zone, as shown in the results of
Secs. IV A and IV B.

FIG. 14. Trajectories of peak pressure:
(@) T=300K and ¢,=08 (b
T=400K and ¢,=08; (c) T=500K
and ¢,=08 (d T=400K and
¢g=0.7; (e) T=400K and ¢, =0.65.
Image size is 0.0132 m x 0.0136 m.
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Figure 13 shows the variations of the detonation propagation speed
with different prevaporized gas equivalence ratios (). The computed
speeds in the two-phase RDC are between the full vaporization and pure
gas results. Moreover, they have the largest slope, indicating the favorable
effects of higher ¢, on two-phase RDW propagation. Higher prevapor-
ized gas equivalence ratio ¢, can support stronger RDW, and when the
n-C;H, 4 droplets cross the detonation fronts more droplets can be gasi-
fied and consumed by the detonation wave.” Therefore, the detonation
speed deficit decreases with the prevaporized gas equivalence ratio. The
detonation speeds from the pure gas cases from SD Toolbox and CFD
results have a similar trend and they are close because of the homoge-
neous gaseous reactant ahead of RDW in the CFD calculations.

F. Detonation cell size

Figure 14 shows the numerical soot foils of rotating detonations
with different prevaporized gas temperatures and equivalence ratios. The
cells in Fig. 14 are recorded from the trajectories of peak pressure, corre-
sponding to the triple points connecting the Mach stem, incident wave,
and transverse shock wave along the detonation front. Note that the
lower boundary of each figure corresponds to the reactant inlet. It is sup-
pressed immediately behind the detonation waves (since the local pres-
sure near the inlet is lower than the total pressure) and assumed to be
nonpenetrating walls in our simulations.” Therefore, the transverse
waves (hence triple points) are reflected when they reach the inlet.
Nevertheless, when the moving transverse waves arrive at the shock tri-
ple point (connection of detonation, oblique shock, and deflagration sur-
face, see the notation in Fig. 1), the transmission of the transverse waves
occurs, which can be shown by the light gray trajectories near the upper
boundaries of the numerical soot foils. They, therefore, escape from the
detonation front and imping the oblique shock wave. Nevertheless, part
of the transverse wave is reflected from the deflagration surface, which
can be observed by the downward movement of the triple points along
the detonation wave. It has been shown that the continuous reflection of
the transverse wave from the triple point at the top of the RDW front is
critical for sustaining stable detonation propagation.”

We first focus on Figs. 14(a)—14(c), which have the same preva-
porized gas equivalence ratio (0.8) but different reactant temperatures
(300, 400, and 500 K, respectively). It is seen that generally the detona-
tion cell size decreases and becomes more uniform as reactant temper-
ature increases from 300K to 500 K. This means that the detonable
gaseous mixture is more reactive due to higher temperature and also
n-C;H;¢ vapor addition, and hence there are more triple points along
the detonation front. For Figs. 14(b), 14(d), and 14(e), they have the
same gas temperature (400 K) but different prevaporized gas equiva-
lence ratios (0.8, 0.7, and 0.65, respectively). Obviously, the cell size
and irregularity increase when ¢, decreases, which implies that the
rotating detonations are more unstable when the prevaporization
degree is lowered. This may be also affected by the in situ droplet evap-
oration, since the lower ¢, also reduces the droplet evaporation near
the detonation wave.”’ The influences of the droplet addition on deto-
nation cell sizes are also shown through the comparisons with the cell
sizes of the droplet-free mixtures (see the Appendix D).

V. CONCLUSIONS

Two-dimensional rotating detonations fueled by partially
prevaporized n-heptane sprays are simulated with the hybrid
Eulerian-Lagrangian method. A flattened domain with periodic

scitation.org/journal/phf

boundaries is considered to mimic the annular rotating detonation
combustor. Emphasis is laid on the effects of prevaporized gas temper-
ature and equivalence ratio on fuel droplets and vapor distributions in
the fuel refill zone. Also, their effects on detonation propagation speed
and cell sizes are also discussed. The main conclusions are summa-
rized as below.

Increasing the prevaporized gas temperature significantly pro-
motes the droplets vaporization in the refill zone and their evaporation
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FIG. 15. Comparisons of the two-step®** and detailed® chemical mechanisms:
(a) pressure, (b) temperature, and (c) propagation speed.
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rates are high near the deflagration surface, because they are heated by
the local high temperature. Freshly injected droplets at the right end of
the refill zone have strong evaporation since they directly interact with
the hot product. A vapor layer is formed between the deflagration
surface and the two-phase contact surface. High mass fraction of
n-heptane vapor can be found along the deflagration surface. These
n-heptane vapors cannot be fully consumed by the detonation wave
and triple point because of high fuel concentration. A conceptual
model is proposed for the layered distributions of the liquid fuel sprays
with spatially evolving properties in the refill zone. Also, the blast
waves can penetrate through the deflagration surface into the refill
zone and further influence the local droplet thermodynamic proper-
ties. The droplet evaporation rate increases behind the blast waves due
to the kinematic effects, but it has limited effects on the variations of
local droplet temperature and diameter.

Also, the detonation propagation speed increases as the prevapor-
ized gas temperature and/or n-heptane prevaporized equivalence ratio
increase. The detonation cell size decreases and becomes more uniform
as the reactant temperature increases because more n-heptane droplets
have already vaporized and the perturbation from the droplet vapori-
zation is also reduced. It is also observed that the cell size and irregular-
ity increase when the prevaporized equivalence ratio decreases.
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APPENDIX A: VALIDATION OF TWO-STEP
CHEMISTRY

Validations are made for the two-step chemical mechanism”*”

listed in Table I and Fig. 15 compares the Chapman—Jouguet and von
Neumann parameters as well as detonation propagation speed pre-
dicted with two-step and detailed mechanisms.™ In general, the param-
eters from both mechanisms are close over the shown equivalence

47 b >3
i) ——

0.16 0.2 0.24

X (m)
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ratios, i.e., 0.4-1.2. Therefore, the two-step mechanism is accurate to
predict the key detonation relevant properties.

APPENDIX B: SENSITIVITY OF RDE CHAMBER SIZE

The perimeter of RDE chamber is an important factor for
RDW propagation because it determines the period of RDW and
further influences the RDW height when the reactant and injection
conditions keep fixed. In liquid-fuel RDEs, the droplet dynamics,
residence time in the refill zone and vaporization timescale, may
also be affected by the chamber perimeter. Figures 16(a) and 16(b)
show the contours of gas temperature overlaid by Lagrangian droplets
with the azimuthal lengths L = 153 and 306 mm, respectively. The for-
mer has been used in this study. The RDW height in Fig. 16(a) is
obviously lower than that in Fig. 16(b), because of the longer period
for RDW propagation when L =306 mm. The longer injection time
leads to longer residence time for the droplets in the refill zone, so
more n-heptane burns on the deflagration surface and the deflagration
combustion is stronger in Fig. 16(b) than that in Fig. 16(a). Despite
the above differences, the flow structure and droplet distribution in
the chamber are similar. As such, this comparison indicates that the
azimuthal length used in the current study (L= 153 mm) is reason-
able and can ensure the key features in two-phase rotating detonations
are captured.

APPENDIX C: GRID SENSITIVITY ANALYSIS

Grid sensitivity in two-phase RDE simulations is analyzed
with three resolutions, i.e., 25, 50, and 100 um. They are termed as
M1, M2, and M3, respectively. Table I1I summarizes the detonation
propagation speeds predicted with three mesh resolutions. The det-
onation speed slightly increases as the grid size reduces, and the
deviations from Chapman — Jouguet detonation speed are small for
all the three cases. The stability of instantaneous detonation speed
can be measured by standard deviation, i.e., s. This is calculated
based on the time series of detonation propagation speed over about
10 cycles. According to Table 1], more speed fluctuations can be
captured (high s) as the mesh resolution decreases.

Figure 17 shows the droplet mean diameter (d;,) variations
along the RDE height with the foregoing meshes. The droplet mean
diameter in M3 is generally larger than those in M1 and M2. The

T 7 (k)

3500
dy (pm)
5

FIG. 16. Contours of gas temperature
overlaid by Lagrangian fuel droplets: (a)
L=153mm; (b) L =306 mm. The preva-
porized gas temperature and equivalence
ratio are 400K and 0.8, respectively.
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TABLE IIl. RDW propagation speeds predicted with different meshes.

ARTICLE scitation.org/journal/phf

Mesh A (um) Dy, (m/s) D¢y (m/s)

Deficit (C-J, %) Deviation (M1, %) s

M1 25 1805 1829
M2 50 1796
M3 100 1786

1.3 - 343
1.8 0.5 320
2.4 1.1 256

—— M1 -
—— M2
—h— M3 .

w
T

dyo (um)
N

0 10 20 30 40 50
y (mm)

FIG. 17. Comparisons of mean droplet diameter variations along the RDE height.

latter two have similar profiles of mean droplet diameters along the
RDE height direction, which indicates that the droplet evaporation
in the rotating detonation flow field is correctly predicted. Based on
Table 11T and Fig. 17, the mesh resolution of 50 um is selected, as a
compromise between computational accuracy and cost.

APPENDIX D: DETONATION CELL SIZE

Detonation cell sizes of pure gas cases with the same gas tem-
perature (400K) and different prevaporized degrees are shown in

FIG. 18. Trajectories of peak pressure: (a) T=400K, ¢, =0.8; (b) T=400K,
¢g=0.7; (c) T=400K, ¢4 = 0.65; Image size is 0.0132 m x 0.0136 m.

Fig. 18. It can be found that the detonation cell size becomes regular
and small as the prevaporized gas equivalence ratio increases from
0.65 to 0.8. Figures 18(a)-18(c) correspond to their two-phase cases
of Figs. 14(b), 14(d), and 14(e). When ¢g is 0.7 or 0.8, the detona-
tion cell size seems more regular in two-phase cases [Figs. 14(b)
and 14(d)] than that in pure gas cases [Figs. 18(a) and 18(b)]. This
indicates that the addition of n-heptane sprays enhances the stability
of RDW. For ¢,= 0.65, the cell size is more regular in pure gas case
than that in two-phase case as shown in Figs. 14(e) and Fig. 18(c).
This may be because more droplets evaporate behind the RDW
when the prevaporization degree is lowered, and these unburned
droplets further influence the transverse wave propagation.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

V. Anand and E. Gutmark, “Rotating detonation combustors and their similari-
ties to rocket instabilities,” Prog. Energy Combust. Sci. 73, 182-234 (2019).

2p, Wolanski, “Detonative propulsion,” Proc. Combust. Inst. 34, 125-158
(2013).

3]. Koch and J. N. Kutz, “Modeling thermodynamic trends of rotating detona-
tion engines,” Phys. Fluids 32, 126102 (2020).

“L. Yan, Z. Weijiang, Y. Yunjun, L. Zhou, and W. Jianping, “Numerical study
on the instabilities in H2-air rotating detonation engines,” Phys. Fluids 30,
046106 (2018).

SP. Debnath and K. M. Pandey, “Numerical investigation of detonation com-
bustion wave in pulse detonation combustor with ejector,” J. Appl. Fluid
Mech. 10, 725-733 (2017).

6J. Li, W. Fan, W. Chen, K. Wang, and C. Yan, “Propulsive performance of a
liquid kerosene/oxygen pulse detonation rocket engine,” Exp. Therm. Fluid
Sci. 35, 265-271 (2011).

7Y. Fang, Y. Zhang, X. Deng, and H. Teng, “Structure of wedge-induced oblique
detonation in acetylene-oxygen-argon mixtures,” Phys. Fluids 31, 026108
(2019).

8p, Yang, H. D. Ng, H. Teng, and Z. Jiang, “Initiation structure of oblique deto-
nation waves behind conical shocks,” Phys. Fluids 29, 086104 (2017).

9A. Kawasaki, T. Inakawa, ]. Kasahara, K. Goto, K. Matsuoka, A. Matsuo, and I.
Funaki, “Critical condition of inner cylinder radius for sustaining rotating det-
onation waves in rotating detonation engine thruster,” Proc. Combust. Inst.
37, 3461-3469 (2019).

10y, Zheng, C. Wang, Y. Wang, Y. Liu, and Z. Yan, “Numerical research of rotat-
ing detonation initiation processes with different injection patterns,” Int. J.
Hydrogen Energy 44, 15536-15552 (2019).

T, H. Yi, J. Lou, C. Turangan, J. Y. Choi, and P. Wolanski, “Propulsive perfor-
mance of a continuously rotating detonation engine,” J. Propul. Power 27,
171-181 (2011).

12R. Zhou, D. Wu, and J. Wang, “Progress of continuously rotating detonation
engines,” Chin. J. Aeronaut. 29, 15-29 (2016).

13]. Z. Ma, M. Luan, Z. Xia, ]. Wang, S. Zhang, S. Yao, and B. Wang, “Recent pro-
gress, development trends, and consideration of continuous detonation
engines,” AIAA J. 58, 4976-5035 (2020).

Phys. Fluids 33, 043307 (2021); doi: 10.1063/5.0045222
Published under license by AIP Publishing

33, 043307-15


https://doi.org/10.1016/j.pecs.2019.04.001
https://doi.org/10.1016/j.proci.2012.10.005
https://doi.org/10.1063/5.0023972
https://doi.org/10.1063/1.5024867
https://doi.org/10.18869/acadpub.jafm.73.239.27266
https://doi.org/10.18869/acadpub.jafm.73.239.27266
https://doi.org/10.1016/j.expthermflusci.2010.09.014
https://doi.org/10.1016/j.expthermflusci.2010.09.014
https://doi.org/10.1063/1.5086235
https://doi.org/10.1063/1.4999482
https://doi.org/10.1016/j.proci.2018.07.070
https://doi.org/10.1016/j.ijhydene.2019.03.266
https://doi.org/10.1016/j.ijhydene.2019.03.266
https://doi.org/10.2514/1.46686
https://doi.org/10.1016/j.cja.2015.12.006
https://doi.org/10.2514/1.J058157
https://scitation.org/journal/phf

Physics of Fluids

%P, Shen and T. Adamson, Jr., “Theoretical analysis of a rotating two-phase deto-
nation in liquid rocket motors,” NASA CR 122294 (1973).

'SE. A. Bykovskii, S. A. Zhdan, and E. F. Vedernikov, “Continuous spin detona-
tion of fuel-air mixtures,” Combust. Explos. Shock Waves 42, 463—471 (2006).
B E A Bykovskii, S. A. Zhdan, and E. F. Vedernikov, “Continuous spin detona-

tion,” J. Propuls. Power 22, 12041216 (2006).

7. A. Bykovskii, S. A. Zhdan, and E. F. Vedernikov, “Continuous spin detona-
tion of a heterogeneous kerosene—air mixture with addition of hydrogen,”
Combust. Explos. Shock Waves 52, 371-373 (2016).

'8E, A. Bykovskii, . A. Zhdan, and E. F. Vedernikov, “Continuous detonation of
the liquid kerosene-air mixture with addition of hydrogen or syngas,”
Combust. Explos. Shock Waves 55, 589-598 (2019).

191, Kindracki, “Experimental studies of kerosene injection into a model of a deto-
nation chamber,” J. Power Technol. 92, 80-89 (2012); available at https://
papers.itc.pw.edu.pl/index.php/JPT/article/view/305

29J, Kindracki, “Experimental research on rotating detonation in liquid fuel-gas-
eous air mixtures,” Aerosp. Sci. Technol. 43, 445-453 (2015).

21B. Sun and H. Ma, “Two-dimensional numerical study of two-phase rotating
detonation wave with different injections,” AIP Adv. 9, 115307 (2019).

22A. K. Hayashi, N. Tsuboi, and E. Dzieminska, “Numerical study on JP-10/air
detonation and rotating detonation engine,” AIAA J. 58, 5078-5094 (2020).

25Q. Meng, M. Zhao, H. Zheng, and H. Zhang, “Eulerian-Lagrangian modelling
of rotating detonative combustion in partially pre-vaporized n-heptane sprays
with hydrogen addition,” Fuel 290, 119808 (2021).

24C. T. Crowe, J. D. Schwarzkopf, M. Sommerfeld, and Y. Tsuji, Multiphase
Flows with Droplets and Particles (CRC Press, 2011).

25G. B. Macpherson, N. Nordin, and H. G. Weller, “Particle tracking in unstruc-
tured,arbitrary polyhedral meshes for use in CFD and molecular dynamics,”
Commun. Numer. Methods Eng. 25, 263-273 (2009).

267, Huang, M. Zhao, Y. Xu, G. Li, and H. Zhang, “Eulerian-Lagrangian model-
ling of detonative combustion in two-phase gas-droplet mixtures with
OpenFOAM: Validations and verifications,” Fuel 286, 119402 (2021).

27H. Zhang, see http://blog.nus.edu.sg/huangwei/nus-ryrhocentralfoam-solver/
“National University of Singapore, Mechanical Engineering”

28H. G. Weller, G. Tabor, H. Jasak, and C. Fureby, “A tensorial approach to com-
putational continuum mechanics using object-oriented techniques,” Comput.
Phys. 12, 620-631 (1998).

29M. Zhao, J. Li, C. J. Teo, B. C. Khoo, and H. Zhang, “Effects of variable total
pressures on instability and extinction of rotating detonation combustion,”
Flow Turbul. Combust. 104, 261-290 (2020).

5OM. Zhao and H. Zhang, “Origin and chaotic propagation of multiple rotating
detonation waves in hydrogen/air mixtures,” Fuel 275, 117986 (2020).

3ic. J. Greenshields, H. G. Weller, L. Gasparini, and J. M. Reese,
“Implementation of semi-discrete, non-staggered central schemes in a colo-
cated, polyhedral, finite volume framework, for high-speed viscous flows,” Int.
J. Numer. Methods Fluids 63, 1-21 (2009).

32M. Zhao, M. J. Cleary, and H. Zhang, “Combustion mode and wave multiplic-
ity in rotating detonative combustion with seperate reactant injection,”
Combust. Flame 225, 291-304 (2021).

ARTICLE scitation.org/journal/phf

33A. Kurganov, S. Noelle, and G. Petrova, “Semidiscrete central-upwind schemes
for hyperbolic conservation laws and Hamilton—Jacobi equations,” STAM J. Sci.
Comput. 23, 707-740 (2001).

34C. K. Westbrook and F. L. Dryer, “Simplified reaction mechanisms for the oxi-
dation of hydrocarbon fuels in flames,” Combust. Sci. Technol. 27, 31-43
(1981).

358, Franzelli, E. Riber, M. Sanjosé, and T. Poinsot, “A two-step chemical scheme
for kerosene—air premixed flames,” Combust. Flame 157, 1364-1373 (2010).
36g, Liu, J. C. Hewson, J. H. Chen, and H. Pitsch, “Effects of strain rate on high-
pressure nonpremixed n-heptane autoignition in counterflow,” Combust.

Flame 137, 320-339 (2004).

7). Shepherd, see https://shepherd.Caltech.Edu/edl/publicresources/sdt/ for
“California Institute of Technology”

38y. Mahmoudi, K. Mazaheri, and S. Parvar, “Hydrodynamic instabilities and
transverse waves in propagation mechanism of gaseous detonations,” Acta
Astronaut. 91, 263-282 (2013).

395. Yao and J. Wang, “Multiple ignitions and the stability of rotating detonation
waves,” Appl. Therm. Eng. 108, 927-936 (2016).

403, Yao, M. Liu, and J. Wang, “Numerical investigation of spontaneous forma-
tion of multiple detonation wave fronts in rotating detonation engine,”
Combust. Sci. Technol. 187, 1867-1878 (2015).

“ID. Schwer and K. Kailasanath, “Numerical investigation of the physics of rotat-
ing detonation engines,” Proc. Combust. Inst. 33, 2195-2202 (2011).

“2N. Tsuboi, Y. Watanabe, T. Kojima, and A. K. Hayashi, “Numerical estimation
of the thrust performance on a rotating detonation engine for a hydrogen-
oxygen mixture,” Proc. Combust. Inst. 35, 2005-2013 (2015).

“3J. Li, P. Chang, L. Li, Y. Yang, C. Teo, and B. Khoo, “Investigation of injection
strategy for liquid-fuel rotating detonation engine,” AIAA Aerospace Sciences
Meeting, Kissimmee, Florida (2018).

“%R. W. Houim and R. T. Fievisohn, “The influence of acoustic impedance on
gaseous layered detonations bounded by an inert gas,” Combust. Flame 179,
185-198 (2017).

“5p_ Dai, C. Qi, and Z. Chen, “Effects of initial temperature on autoignition and
detonation development in dimethyl ether/air mixtures with temperature gra-
dient,” Proc. Combust. Inst. 36, 3643-3650 (2017).

“6C. K. Law, Combustion Physics (Cambridge University Press, 2006).

47y, Zhuang, Q. Li, P. Dai, and H. Zhang, “Autoignition and detonation charac-
teristics of n-heptane/air mixture with water droplets,” Fuel 266, 117077
(2020).

“8M. Lesieur, O. Metais, and P. Comte, Large-Eddy Simulation of Turbulence
(Combridge University Press, 2005).

49V, Duke-Walker, W. Maxon, S. Almuhna, and J. McFarland, “Evaporation and
breakup effects in the shock-driven multiphase instability,” J. Fluid Mech. 908,
A13 (2021).

507. Huang and H. Zhang, “On the interactions between a propagating shock
wave and evaporating water droplets,” eprint arXiv:2011.02071 (2020).

51G. Gai, O. Thomine, S. Kudriakov, and A. Hadjadj, “A new formulation of a
spray dispersion model for particle/droplet-laden flows subjected to shock
waves,” |. Fluid Mech. 905, A24 (2020).

Phys. Fluids 33, 043307 (2021); doi: 10.1063/5.0045222
Published under license by AIP Publishing

33, 043307-16


https://doi.org/10.1007/s10573-006-0076-9
https://doi.org/10.1134/S0010508216030187
https://doi.org/10.1134/S0010508219050101
https://papers.itc.pw.edu.pl/index.php/JPT/article/view/305
https://papers.itc.pw.edu.pl/index.php/JPT/article/view/305
https://doi.org/10.1016/j.ast.2015.04.006
https://doi.org/10.1063/1.5113881
https://doi.org/10.2514/1.J058167
https://doi.org/10.1016/j.fuel.2020.119808
https://doi.org/10.1002/cnm.1128
https://doi.org/10.1016/j.fuel.2020.119402
http://blog.nus.edu.sg/huangwei/nus-ryrhocentralfoam-solver/
https://doi.org/10.1063/1.168744
https://doi.org/10.1063/1.168744
https://doi.org/10.1007/s10494-019-00050-y
https://doi.org/10.1016/j.fuel.2020.117986
https://doi.org/10.1002/fld.2069
https://doi.org/10.1002/fld.2069
https://doi.org/10.1016/j.combustflame.2020.11.001
https://doi.org/10.1137/S1064827500373413
https://doi.org/10.1137/S1064827500373413
https://doi.org/10.1080/00102208108946970
https://doi.org/10.1016/j.combustflame.2010.03.014
https://doi.org/10.1016/j.combustflame.2004.01.011
https://doi.org/10.1016/j.combustflame.2004.01.011
https://shepherd.Caltech.Edu/edl/publicresources/sdt/
https://doi.org/10.1016/j.actaastro.2013.06.009
https://doi.org/10.1016/j.actaastro.2013.06.009
https://doi.org/10.1016/j.applthermaleng.2016.07.166
https://doi.org/10.1080/00102202.2015.1067202
https://doi.org/10.1016/j.proci.2010.07.050
https://doi.org/10.1016/j.proci.2014.09.010
https://doi.org/10.1016/j.combustflame.2017.02.001
https://doi.org/10.1016/j.proci.2016.08.014
https://doi.org/10.1016/j.fuel.2020.117077
https://doi.org/10.1017/jfm.2020.871
http://arxiv.org/abs/2011.02071
https://doi.org/10.1017/jfm.2020.748
https://scitation.org/journal/phf

	s1
	s2
	s2A
	d1
	d2
	d3
	d4
	d5
	s2B
	d6
	d7
	d8
	d9
	d10
	d11
	d12
	d13
	d14
	d15
	d16
	s2C
	t1
	s3
	s3A
	f1
	s3B
	s4
	s4A
	t2
	f2
	f3
	f4
	s4B
	f5
	f6
	f7
	s4C
	f8
	f9
	f10
	f11
	s4D
	f12
	f13
	s4E
	f14
	s4F
	s5
	f15
	app1
	app2
	app3
	f16
	app4
	s6
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	f18
	t3
	f17
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51

