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ABSTRACT

The periodic flame flashback phenomenon in an ethylene-fueled cavity-based scramjet combustor was numerically investigated by a three-
dimensional unsteady Reynolds-averaged Navier-Stokes solver with two-step kinetics. The air inflow stagnation temperature is 1225 K, and
its Mach number is 2.6. Spectral analyses revealed the combustion oscillations with flame flashbacks maintained in the separated scramjet
mode with the establishment/vanishment of flow separation near the fuel injector, differing from previous studies of flame flashbacks con-
nected to the ramjet/scramjet mode transitions. A mechanism with four evolution stages was proposed to elucidate the flow-flame interac-
tion. In stage I, a rapid flame flashback upstream and shock-train extension were caused by the high-temperature induced auto-ignition
tendency of well-mixed unburned gas in the near-sidewall low-speed region. In stage II, the combustion-induced back pressure and shock
train gradually achieved an aerodynamic balance. The combustion flow barely changed in stage III. Meanwhile, a simplified model suggested
that the gradual temperature rises occurring upstream of the cavity and away from the sidewall were caused by spanwise heat conduction.
The higher temperatures would cause upstream flame propagation with enhanced heat release due to auto-ignition. However, the enhanced
heat release occurred mostly in the subsonic flow, resulting in pressure decreases according to one-dimensional flow equations. A smaller
near-sidewall separation was produced by the lower back-pressures, which prompted the rapid flame recession downstream in stage IV.
Moreover, a simplified flame-spreading model was proposed to illuminate the flame propagation nature. The comparison of flame speeds
with theoretical estimations indicated that the current flame was in the regime of turbulent flame propagation, rather than the C-J detona-
tion or deflagration speculated in previous studies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0142210

NOMENCLATURE Subscripts/Superscripts

¢ Wall-pressure monitoring point at the cavity bottom
ER  Equivalence ratio Wall-pressure monitoring point near the injector
F, Combustor thrust in  The combustor inflow
Ma  Mach number L  Local value at certain spatial point
min  The minimum value
ref  The reference value
T  The total value of the combustor

HRR  Heat release rate

p  Pressure
T  Temperature
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t  Time
URANS  Unsteady Reynolds-averaged Navier-Stokes *  The stagnation flow parameter
X Mole fraction of certain combustible species
x,y,z  The three coordinates of a Cartesian coordinate system I. INTRODUCTION

W Combustor width The scramjet engine is a promising hypersonic air-breathing pro-
Tres  Fuel residence time pulsion system.' A scramjet combustor typically contains a constant-
Tign  Ignition delay time area isolator and an expansive combustion duct. As combustor inflows
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are supersonic, flame-holding devices are used to stabilize flames,
such as air throttling,z’"' hot pilot gas,"’(’ ramps,7 cavities,” '* and
struts.”” '° The cavities are favored because of low pressure losses in
the lower hypersonic flight envelope. Combustions are generally
unsteady with flow and flame oscillations™'° in the scramjet com-
bustors. Thermo-acoustic instabilities are common factors driving
combustion oscillations.'” >’ The instabilities exist in the subsonic
regions of combustor mainflows and the flameholders’ low-speed
regions. The former had been detailly elucidated in our previous
study.”’ Recently, another type of combustion oscillation phenome-
non, i.e., the periodic flame flashback, was observed by some research-
ers.”’ " The flame flashbacks generally showed as sudden upstream
flame propagations with proliferated flame intensities. The dominant
frequencies of a few tens or hundreds Hz were generally lower than
those of thermo-acoustic oscillations. Moreover, the periodic flame
flashbacks could cause large-amplitude oscillations of thrusts, which
are adverse for smooth engine control. Therefore, stable scramjet
engine operations require a thorough understanding of the periodic
flame flashback phenomenon and the mechanism.

Scramjet engines can operate in different combustion modes.
Traditional dual-mode means that a combustor can operate in dual
types of combustion states, including the ramjet (subsonic combus-
tion) mode and the scramjet (supersonic combustion) mode. They can
be distinguished by the minimum Mach number May,;,, assuming
one-dimensional (1D) flows.”* A combustor is in the ramjet mode if
Mami, < 1.0; otherwise, it is in the scramjet mode. The scramjet mode
is further subdivided into the separated scramjet mode with a pre-
combustion shock-train and flow separation and the shock-free
scramjet mode without shock-induced separation. Based on two-
dimensional (2D) flame distributions, recent researchers could classify
different flame stabilization modes.”"”” The jet-wake stabilized mode
and the cavity stabilized mode are generally observed in cavity-based
combustors with upstream fuel injections.”' The difference is that the
flame fronts are upstream and downstream of the cavity fore-walls,
respectively. The cavity stabilized mode is subdivided into the com-
bined cavity shear-layer/recirculation stabilized mode and the cavity
shear-layer stabilized mode.”” The combined mode has distinct flames
in the cavity’s recirculation region, while the latter mode does not.

The periodic flame flashback phenomena in cavity-based com-
bustors had been widely investigated.”' >’ Micka et al.”" first observed
these phenomena behaving as flame oscillations between the jet-wake
stabilized mode and the cavity stabilized mode with a set of dominant
frequencies between 5 and 20 Hz. They speculated these to be related
to fluid dynamic, acoustic, or facility-dependent fluctuations. Fotia
et al.”” further dissected the mechanism being dominated by the self-
sustaining cavity shear-layer instability. Sun et al”” " likewise
observed the flame flashback oscillations with dominant frequencies
around 10-300 Hz. The experimental flashback speeds were between
the theoretical Chapman-Jouguet (C-J) detonation and deflagration
speeds.””** Thus, the flame flashback was considered likely an acceler-
ated flame propagation with a deflagration-to-detonation transition.
Zhao et al.”*** found that the flame flashback could be triggered by
the thermal choking formed by strong interactions between the com-
bustion and the flow separations downstream of the cavities. Cao
et al.”’ numerically revealed that the jet-wake flame flashback was
driven by the backpressure-induced flow separations. Flame flashbacks
in strut-based combustors were also observed by Zhu et al.,’*? which
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were believed to be likely accompanied by detonation waves. In addi-
tion, the generation of recirculation and low-speed regions in bound-
ary layers was considered to induce the strut-based flashback.” In
short, previous studies offered fundamental understandings of the
periodic flame flashbacks and suggested inconsistent explanations.
However, an in-depth explanation of the flame flow evolution had not
been completed, and the flame propagation mechanism remained
controversial.

The current study numerically investigated the flame flashback
phenomenon in a cavity-based scramjet combustor. Ethylene fuel was
injected transversely upstream of the cavity. This paper is organized as
follows: Sec. II introduces the combustor configuration, numerical
details, experimental validation, and grid convergence verification.
Results illustrate a periodic combustion oscillation process with the
flame flashback. Section IIT A dissects the overall characteristics of this
process. Section III B elucidates its evolution mechanism by analyses
of flame flow structures. Then, Sec. III C identifies the flame propaga-
tion mechanism through flame speed comparisons to theoretical
estimations.

Il. MATERIALS AND METHODS
A. Combustor configuration and inflow conditions

Figure 1 shows a 2D schematic diagram of the combustor model,
which was symmetric in both the lateral and spanwise directions. The
combustor contained a 400 mm long constant-area isolator and a
581 mm long 3.6° expansive duct with cavities. The model width W
was constantly 80 mm, and the inlet height was 40 mm. The cavity was
located 100 mm downstream of the isolator exit and spanned the com-
bustor width. It has a depth of 17 mm, a length of 65mm, and a 24°
ramp angle. A Cartesian coordinate system was established with the
origin at the center of the isolator inlet. The x, y, z coordinates were
along the streamwise, lateral, and spanwise directions, respectively.
Ethylene fuel was injected 40 mm downstream of the isolator exit. The
injector included an array of five wall-normal sonic orifices of diame-
ter 1.5 mm on the upper and lower walls, respectively. The three orifi-
ces with non-negative z coordinates were located at z/W =0, 3/16, and
3/8, respectively. Two monitoring points with the wall-pressures
marked as “p.” and “p;” were located at the cavity bottom and near
the injector, respectively.

Table I lists the isolator inflow parameters, simulating a flight
Mach number of 5.0 at an altitude of 21.3km. The inflow air con-
tained 21% oxygen and 79% nitrogen in mole fractions. The inflow
Mach number May,, stagnation temperature T, and stagnation pres-
sure p; were 2.6, 1225 K, and 1836 kPa, respectively. The inflow static
temperature T;, was 555 K. The reference pressure pys for normaliza-
tions was equal to the inflow static pressure p;, of 86 kPa. Ethylene
fuel was injected at the temperature of 300 K, and the total equivalence
ratio (ERy) was 0.29.

B. Numerical method

This study utilized the three-dimensional (3D) unsteady
Reynolds-averaged Navier-Stokes (URANS) solver to simulate the
supersonic turbulent reactive flows, similar to our former numerical
study.”’ The finite volume method and the pressure-based SIMPLE-
type algorithm were applied to solve the 3D single-phase, multi-species
URANS equations, including the continuity and momentum equa-
tions, and additional scalar transport equations of turbulent quantities,

Phys. Fluids 35, 045108 (2023); doi: 10.1063/5.0142210
Published under an exclusive license by AIP Publishing

35, 045108-2

91:65:20 ¥20Z IMdY 80


https://scitation.org/journal/phf

Physics of Fluids

ARTICLE scitation.org/journal/phf

y axis ‘I:ateral 300 . Sweegpack cavities 581 Length unit: mm _
Constant-area isolator 100 65 ./, Expansive duct
(= =/ i
1 PR NS v . :
= || ) | (N—— el oo e o SRS, - 1| I—. B -
= = [\ Streamwise
] T e e — T FIG. 1. Schematic diagram of the
Ethylene fuel injector :3; I combustor.
I 10-¢1.5 - D I
e /e O Vel xaxis |
£ 2 .- 8rn
1 S y] K
z axis| Spanwise 40 . | ox e
=7 = The five circular injection holes

energy, and species. Density and convection terms were discretized by
the second-order upwind schemes. Pressure and diffusion terms were
discretized by the second-order central differencing schemes. Temporal
discretization was performed by the second-order backward Euler
implicit scheme. The cell center gradients were computed by the least
squares cell-based method. The minmod slope-limiter was utilized for
the total-variation-diminishing (TVD) properties. Turbulence closure
was achieved by the Menter’s shear-stress transport (SST) k- model,”
including viscous heating, compressible effects, and low-Reynolds-num-
ber corrections. The ethylene-air combustion species was taken as a
mixture of ideal gases, and thermophysical mixture properties were cal-
culated by the mass-weighted mixing law. The specific heat of each spe-
cies was defined as a piecewise polynomial function of temperature
from the NASA database that is valid up to 5000K, and the thermal
conductivity and viscosity were calculated by the kinetic theory. The val-
idated two-step kinetic model (C,H4 + 20, — 2CO+2H,0,
CO + 0.50, =2 CO,) proposed by Westbrook et al.”” was adopted for
ethylene-air reactions. Turbulence/chemistry interactions were treated
by the finite-rate/eddy-dissipation model. The time step size of
4 x 107 was carefully chosen for the time step independence, and the
maximum sub-iteration number was 50.

C. Computational grid and boundary condition types

A multi-block hexahedron grid scheme was adopted for numeri-
cal accuracy. The computational grid contained a quarter of the com-
bustor separated by symmetries. Wall-normal distance from each
first-layer cell center was set to 0.001 mm for y* < 1. More than 20
layers of mesh were in the domain of y* < 30 to ensure calculation
accuracies of turbulent boundary layers. Figure 2 presents the grid dis-
tribution near the cavity and the injector.

The inlets of the isolator and the injector were both designated as
pressure inlet boundaries. The inlet turbulent intensities and viscosity
ratios were specified as 1% and 1.0, respectively. The inlet boundary layers
were ignored, and species mole fractions were specified. The isolator
inflow was supersonic; hence, its stagnation temperature, stagnation pres-
sure, and pressure were all specified as listed in Table 1. As to the injector

TABLE 1. The isolator inflow condition.

Main T:; (K) pl*n (kPa) Tin (K) pin (kPa)

2.6 1225 1836 555 86

inlet, only the stagnation temperature and stagnation pressure needed to
be specified because of sonic injection. The combustor outlet employed
supersonic extrapolation. A mirror reflection was implemented on each
symmetry. All walls were stationary, no-slip, and adiabatic.

D. Experimental validation and grid convergence
verification

The numerical method was validated by the comparison with
previous experimental data of an ethylene-fueled scramjet combus-
tor.”” The experimental air inflow contained 21% O,, 61% N, and
18% H,O in mole fractions. The inflow Mach number, stagnation
temperature, and stagnation pressure were 2.5, 1338 K, and 1520 kPa,
respectively, similar to the parameters in Table I. The fuel ERy was
0.22. Three computational grids, containing 210 x10° (coarse), 415
%x10° (medium), and 686 x 10° (fine) cells, respectively, were adopted
to verify grid convergence. The medium grid had a similar resolution
as the grid shown in Fig. 2. Figure 3 shows good agreement of normal-
ized experimental and numerical wall-pressure distributions, which
demonstrates the accuracy of the current numerical setup. Meanwhile,
the medium-grid solution resembled the fine-grid solution more than
the coarse-grid solution, proving that the medium grid possessed suffi-

cient spatial resolution.
g Spanwise
Lateraly Streamwise

X
Cavity bottom wall

Combustor symmetry

FIG. 2. Grid near the cavity and the injector.
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FIG. 3. Comparison of experimental and numerical wall-pressure distributions.

Ill. RESULTS AND DISCUSSION
A. Characteristics of the periodic flame flashback

This section will introduce the overall features of a periodic flame
flashback phenomenon based on the current numerical results. As the
heat release rate (HRR) represents flame intensity, Fig. 4 presents two
typical states of 2D HRR translucency distributions with the most
downstream and upstream flame fronts, respectively. The normaliza-
tion reference value for HRR was 12 000 MW/m>, close to the maxi-
mum flame intensity. This chart displays flame fronts upstream of the
cavity in both states, indicating the flame maintained in the jet-wake
stabilized mode during the whole periodic process. This was similar to
our experimental observations,”' while slightly differing from previous
studies”” * of periodic flame flashbacks oscillating between the jet-
wake stabilized mode and the cavity stabilized mode. Despite the little
difference, the intrinsic mechanisms are similar and will be further dis-
cussed in Secs. I11 B and 111 C.

Thrust F; was a concerned performance calculated by integration
of the combustor wall-pressures and friction stresses. The wall-
pressures p. and p; could be indicators of flame and shock-separation
status. Figure 5 shows the time histories of F; and the normalized wall-

- Surface translucencies
0.00 025 0.5 075 1.00 ofz/W=0,3/16 and 3/8.

T T

(a) State S1: Flame with the most downstream flame front

HRR

ﬁ C,H,
(b) State S2: Flame with the most uptream flame front

FIG. 4. Typical 2D flame translucencies during the periodic flame flashback.
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pressures pi/prer and pc/pref. It can be seen that these parameters
underwent a synchronous low-frequency oscillation with a fundamen-
tal period of about 27 ms. The variation percentage of a parameter
during the fundamental period was defined as the difference value
between the maximum and the minimum divided by the maximum
value. The variation percentage of Fy, p;/prer> and pe/prer was as much
as 25%, 60%, and 44%, respectively. F; varied relatively smaller com-
pared to p;/prer and pc/prer located near the injector and cavity. This
indicated streamwise wall-pressure changes and relevant flame/shock-
separation changes mainly occurred near the injector and cavity. In
addition to the fundamental oscillation, other oscillations with much
higher frequencies co-existed as shown in Fig. 5, and the variation per-
centages were much smaller. These differences indicated the driving
mechanism of the fundamental oscillation differed from the high-
frequency oscillations.

To further identify the difference between the fundamental and
the high-frequency oscillations, spectral analyses are presented below.
Figure 6 shows the amplitude-frequency characteristics of Fy, pi/pret»
and p. /prer by FFT analyses. This chart illustrates two separate regions
of dominant frequencies. The first region of 791-974 Hz was related to
the high-frequency oscillations as shown in Fig. 5. These oscillations
were inherently driven by thermo-acoustic instabilities in the subsonic
regions of the mainflow as discussed in the previous study.” In the
second region of 37-291 Hz, the dominant frequencies were close to
integral multiples of the fundamental frequency of 37 Hz, which was
consistent with the aforementioned fundamental period of about
27 ms. These oscillations were related to the periodic flame flashback
process from observations. The frequency multiplication in these oscil-
lations indicated that the process was probably attributed to certain
feedback loops between the in-phase oscillating flame and flow fluctu-
ations,"” which was similar to the speculation of Micka et al”!

1D streamwise pressure distribution could provide basic features
of combustion and flow separation status. Figure 7 presents the evolu-
tion contour of 1D streamwise pressure-rise p/pys distributions dur-
ing a fundamental period. The p values were extracted from the
centerline on the near-sidewall z/W = 3/8 surface for flow separation
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FIG. 6. Amplitude-frequency characteristic curves of Fi, pi/pref, and pe/pre.

monitoring as separation generally occurred near the sidewall. The
process could be divided into I, II, III, and IV four stages based on the
pressure-rise variation features, particularly the pressure-rise origin. In
stage I, the pressure-rise origin abruptly moved upstream from about
x =340 mm near the injector to x =245 mm, and the cavity pressure-
rise pc/pref largely increased from about 1.8 to 2.7. This indicated that
the flow separation was established upstream of the injector with sig-
nificantly enhanced combustion heat release. Practically, the flame
flashback occurred in this stage, showing as the upstream flame propa-
gation from states SI to S2 in Fig. 4. Then, in stage II, the streamwise
pressures underwent a transition from slight oscillations to a steady
state, indicating the progressive establishment of aerodynamic balance
in flame and flow interactions. In stage III, the streamwise pressures
changed little temporarily. However, to some degree, the pressure-rise
Di/Pret near the injector distinctly increased from about 2.8 to 3.2. This
suggested that certain accumulated effects broke the aerodynamic bal-
ance. Then, in stage IV, the pressure-rise origin abruptly moved

=P [nflow air 20

'—l—/

FIG. 7. Time history of streamwise pressure-rise distribution during the fundamental
period.
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downstream back to about x =340 mm with the p./prs decreasing
back to 1.8, indicating the separation vanishment upstream of the
injector and largely weakened heat release. Practically, the flame in this
stage abruptly receded downstream from state S2 back to S1.

To recognize the ramjet/scramjet combustion mode during the
periodic process, Fig. 8 plots the 1D mass-flux weighted average Mach
number distributions of the representative states S1 and S2, respec-
tively. The minimum pressure-rise py, /prer needed for shock-induced
separation was theoretically determined by the inflow, and it could be
estimated as p,/pref = 1 -+ 0.5May, = 2.3.” Figure 8 shows that the
maximum pressure-rises Pmay/pres Were larger than pp, /prs in both
states, indicating flow separations. Thus, the combustion maintained
in the separated scramjet mode during the entire process. This differed
from previous studies” *” in which the flame flashbacks were specu-
lated to be associated with ramjet/scramjet mode transitions with for-
mations of thermal throats or thermal chokings. Meanwhile, the
different pressure-rise origins indicated that this process was accompa-
nied by the periodic establishment and vanishment of flow separation
near the injector, identifying with Figs. 5 and 7.

B. Explanation of the flame flow evolution

Section III A has introduced the general characteristics of the
periodic flame flashback phenomenon, which was suggestively accom-
panied by abrupt changes in flow separations and flame intensities.
This section will further analyze the mechanism by explanations of
flow and flame structural evolutions across the four stages from time
=1, to t; divided in Fig. 7.

Stage I was a time duration with rapid upstream propagation of
the flame front, namely, the flame flashback. Figure 9 presents the con-
tours of temperature T and local equivalence ratio ER;, at the start of
stage I. ER; was calculated as below:

(3 Xc,m, + 0.5 Xco)/Xo, if Xo, > Xmin,
B = . )
0 it on < Xmin,
ol ®-D/Pres of State S1 44
I b Ma of State S1 1
I : ——+——D/Pret of State S2
25 | Ma of State S2
. ’_ ........ I " Pmax/Pref 2.9 3
i ‘\\pmax/pref 2.6 -
- 3 1 5
B ot
20r P
: Y 2t T O N Iy
i §
i b
1.5¢ | 1
I | My, =143
- |
B |
1.0 TR S N AN TN T N AN N T N S [ 0
: 200 400 600 800
m=P [nflow air Cl;{«* LJ_Eknm]

FIG. 8. Typical streamwise 1D averaged pressure and Mach number distributions.
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Lots of unburned gas 2T -
in the low-speed high-temperature region

(b) ER; contour at Time=f,

FIG. 9. The temperature Tand local equivalence ratio ER, contours at the start of
stage I.

where Xc,n,, Xco, and Xo, were the mole fractions of combustible
species C;Hy, CO, and O, respectively. Xy, was a threshold value set
as 0.02 to exclude regions with negligible oxygen. Figure 9(a) illustrates
that a large area of the low-speed high-temperature region was located
near the sidewall with flow separation and corner vortexes, which
could promote mixing and combustion. Meanwhile, Fig. 9(b) displays
that much well-mixed unburnt gas existed in this region. Subsequent
flame evolution could be speculated by estimations of fuel residence
time 7y and ignition delay time 7ig, as follows.

As the flames were commonly stabilized near the cavity, the dis-
tance from the injector to the cavity aft-wall was considered as the
maximum mixing length L =0.161 m. The inflow x-velocity u, was
about 1224 m/s. Thus, fuel residence time in the main flow was esti-
mated as Tres—m = L/uy = 131 ps. The actual residence time in the
near-sidewall high-temperature region would be longer because of
lower flow speeds and separation. As shown in Fig. 8, the maximum
pressure-rise Pmax/pref across the periodic process was about 2.9 with
the pmax of 249 kPa. Considering the inflow pressure of 86 kPa and the
global ERy of 0.29, Fig. 10 plots tig, of ethylene-air premixed gas vs
1000/T under the constant pressures by the aforementioned two-step
kinetic model.”” This chart demonstrated that in the near-sidewall
low-speed region with temperatures higher than 1600K, the 7ig, of
lower than 8.1 us was much less than the Ty, of 131 us. Thus, the
plentiful well-mixed unburnt gas in this region tended to be auto-
ignited quickly.

Figure 11 presents the normalized HRR contours at time = f;
and t,, respectively. It could be seen that much flames abruptly propa-
gated upstream of the injector with enhanced heat release, especially
on the near-sidewall z/W = 3/8 surface. This was consistent with the
above explanation referring to Figs. 9 and 10. According to 1D flow
equations, the enhanced heat release contributed to an enlarged sub-
sonic region™ and higher back-pressures, which could drive the
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shock-train to become stronger and move upstream. The resultant
shock reflection ahead of the injector could generate obvious separa-
tion as shown in Fig. 11(b), which in return would benefit mixing and
combustion. Thus, the enhanced flame and flow separation ahead of
the injector could persist for a relatively long time than stage L.

Figure 12 displays the normalized HRR contour at time = f3, the
end of stage I. It could be seen that the flame and flow separation kept
existence ahead of the injector on the near-sidewall z/W = 3/8 surface.
Meanwhile, by comparing Fig. 11(b), the flame and separation ahead
of the cavity disappeared on the z/W =3/16 surface away from the
sidewall. The reason is explained below. Figure 13 presents the nor-
malized pressure contour on the z/W = 3/16 surface at time = ¢, and
t3, respectively. This chart illustrated the upstream movement of the
shock-train, which promoted near-sidewall separation and combus-
tion as displayed in Fig. 12. Meanwhile, the normalized pressures
Pr1/Pref and pra/pres before and after the shock reflection downstream
of the injector, respectively, became much closer, indicating shock
weakening. The z/W = 3/16 surface was away from the sidewall, lack-
ing sidewall boundary-layer and corner separation effect,” and thus,
the flow was relatively difficult to be separated. Consequently, the
weakened shock generated a reduced subsonic region, and the
increased flow speeds were adverse for mixing and combustion.
The subsequent flame recession in return could further reduce the
subsonic region. As a result, the separation and flame disappeared
ahead of the cavity on the z/W = 3/16 surface as shown in Fig. 12.

Stage II was a period in which the enhanced flame and the
extended shock-train in stage I gradually arrived at a steady state.
Figure 14 presents the normalized HRR contour at the end of stage II.
It could be seen the flow separation kept existence ahead of the injector
on the z/W = 3/8 surface. The constant origin of the subsonic region
at x=0.22 mm in Figs. 12 and 14 indicated the shock reflection loca-
tions changed little, which was consistent with the gradually stabilized
pressure-rise origin in Fig. 7. Additionally, Fig. 14 displays a little dif-
ferent HRR distribution from Fig. 12, which was the balance result of
the flame shock interaction.
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Stage IIT was a stage with changeless flame and flow inferring
from Fig. 7. Figure 15 presents the normalized HRR contour on the
representative z/W =3/16 surface at the start and end of this stage.
This chart displays that a small amount of flame occurred near the
injector with a slightly enlarged subsonic region. The reason for this
slight change will be discussed as follows.

S
/" “Upstream

’ 7

/flame propagation

(b) HRR coutour at Time=t,

FIG. 11. The normalized HRR contours at
time = t; and t,, respectively, in stage I.
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E
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xZ022m Sepzlralio\n\ kept ahead of

the injector near the sidewall

FIG. 14. The normalized HRR contour at the end of stage I, time = f,.

Figure 16 presents the comparison of temperature contours cor-
responding to Fig. 15. It displays that slight temperature increases in
the region downstream of the injector. Specifically, Fig. 17 plots the
time-history curves of temperature Ty and stagnation temperature Ty
at a typical point “R” in this region. It could be seen that T gradually
increased from about 944 to 1000 K and then underwent an acceler-
ated increase to 1146 K. The synchronous increases of Ty and Ty indi-
cated the changeless flow kinetic energy. Referring to Fig. 10, the
ignition delay time 7ig, at 900 and 1100 K was about 1.1-2.5ms and
100-222 s, respectively. The comparison of tig, with the previously
estimated residence time Tye-m = 131 us indicated that the tempera-
ture increase made auto-ignition upstream of the cavity possible, con-
tributing to the slight flame occurrence as shown in Fig. 15. The flame
occurrence could in return benefit temperature increase, showing as
the accelerated increase in Ty in Fig. 17, which would further promote
flame propagation.

The reason for the gradual increase in stagnation temperature is
speculated as follows. According to the energy conservation equation,
the increase was because the heat addition causes, including heat
transfer and combustion heat release, were larger than the heat
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FIG. 16. Temperature contours on z/W = 3/16 at the (a) start and (b) end of stage
[1I, respectively.

reduction causes, including the outflows of total enthalpy. Considering
the changeless combustion flow with obvious spanwise differences in
stage III, the heat-changing causes could be regarded as balanced
except for the spanwise heat conduction. Namely, the spanwise heat
conduction was considered as the main driving reason for the gradual
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Low-temperature
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High-temperature
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FIG. 17. Time-history curves of temperature Tr and stagnation temperature T3 at
point R from time = t, to ts, respectively.

temperature increase. Figure 18(a) presents the schematic diagram of a
simplified spanwise heat conduction model in line with the tempera-
ture contours during stage III such as Fig. 18(b). According to Fig.
18(a), the energy equation of the low-temperature region is simplified
as below:

Th—To

A
Az 1

Az tHe =6 prAr - Azy - AT (2)
All the variables were treated as constant values. 4 of about
0.11W/(mK) was the thermal conductivity. Ty and Ty of about
2500 and 950K were the averaged temperatures of the high-
temperature and low-temperature regions, respectively. Az; of about
0.015m was the spanwise distance between the two regions. A, was
the spanwise cross-sectional area. tyyc was the characteristic time of
the gradual stagnation temperature increase. ¢, of about 1500 J/ (kg K)
was the constant-pressure specific heat. p of about 0.5 kg/m? was the
density. Az, of about 0.002 m was the approximate width of the low-
temperature region separated by the threshold value of 1150 K. AT of
about 100K was the gradual increase in stagnation temperature

500 1000 1500 2000 2500 3000

FIG. 18. Schematic diagram of a simpli-
fied spanwise heat conduction model.
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referring to Fig. 17. By Eq. (2), tc was estimated to be about 13.2 ms,
close to the sustaining time of stage III. This in return testified that the
reason speculation of the temperature increase was reasonable.

Stage IV was a stage with a rapid downstream flame recession,
which was the reverse process of the upstream flame flashback in stage
I. Figure 19 presents the normalized HRR contours at the start and
middle of stage IV. It could be seen that the flame propagated
upstream of the cavity on the z/W = 3/16 surface. This was attributed
to the subsequent development after the gradual temperature increase
illustrated in Figs. 16-18. Meanwhile, the downstream recession of the
flame front contrastively occurred on the z/W=3/8 surface along
with the smaller separation ahead of the injector. The reason is dis-
cussed as follows.

Figure 20 presents the comparison of pressure contours corre-
sponding to Fig. 19. This chart shows that the pressure-rise p;/prer of
the initial shock kept constant at 1.8, fitting with the free interaction
theory of the shock/boundary layer.”* However, the combustion-zone
pressures decreased. Specifically, the pressure-rise py, /prer ahead of the
cavity decreased from 2.4 to 2.1. This was attributed to the enhanced
flame mostly in the subsonic region as shown in Fig. 19(b). Because
according to 1D flow equations, heat release in the subsonic flow
would result in pressure decrease. The back-pressure decrease conse-
quently generated the smaller separation in Fig. 19(b). The smaller
separation was adverse for mixing and combustion, and thus, the
flame ahead of the injector would further recede downstream until
reaching the state at the start of stage I as shown in Fig. 11(a). Then,
the next cycle of the above four stages would repeatedly continue.

C. Flame propagation analyses

The above sections have analyzed the characteristics of the peri-
odic flame flashback process and explained its mechanism from the
view of flame flow structural evolutions. This section will further
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1.00 — Streamline

HRR

0.00 025 0.50 0.75
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—

C,H, ¢
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P g
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(b) Time=¢,

flame recession

FIG. 19. HRR contours at the (a) start and (b) middle of stage IV, respectively.
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1V, respectively.

elucidate the inherent mechanism of flame propagation during this
process.

As illustrated in Sec. 111 B, the HRR distributions on the z/W
= 3/8 surface were representative of the actual 3D flame structures.
Figure 21 presents the schematic diagram of a simplified flame-
spreading model to describe the flame propagation on this surface.
The geometric expansion was ignored. uy was the flame propaga-
tion speed along the normal direction of the flame front. u, was
the flow velocity in direction x, ignoring the flow velocities in other
directions. uy, was the component of #, normal to the flame front.
0 was the flame spreading angle, namely, the intersection angle of
the flame front and the inflow direction x. Lgr was the moving dis-
tance of the flame front in direction x during the period of At. ugp
was the flame speed relative to the combustor wall. Referring to
Fig. 21, the following equations could be achieved:

Uyn = Uy - sin 0,

Lpr = —(up — thyp) - At/ sin 0, 3)
e LRE
RE = -

Then, the below equation could be deduced:

up = (uy — ugg) - sin0. (4)

Up

=P [nflow direction x
= ux,—'
- B -
Flame front-.__ o ee
- -

at time=7 + At Flame front

Combustor wall at time=t

FIG. 21. Schematic diagram of the simplified flame spreading model.
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On the z/W = 3/8 surface, the flame spreading angle 0, the flow
velocity u, near the flame front leading point, and the moving distance
Lyrp_s of the leading point during one time step size At could be
directly achieved from the numerical data. The relative flame speed
ugr could be obtained as ugr = Lgp-s/At,. Then, the flame propaga-
tion speed ug could be obtained via Eq. (4). Figure 22 plots the result-
ing time-history curves of uy, 0, ur, and urp on the z/ W = 3/8 surface.
It can be seen that the relative flame speed ugr was less than 80 m/s.
Meanwhile, the flame propagation speed up of around 80-160 m/s
was much smaller than the flow speed u, of 400-750 m/s. The ug can
be further compared with theoretically estimated flame speeds to eluci-
date the flame propagation mechanism as follows.

The estimation methods of theoretical flame speeds are intro-
duced below. A typical initial condition of the pressure of 176 kPa and
the temperature of 700 K was chosen referring to flow parameters
upstream of the flame fronts. Under this condition, the laminar flame
speed uy, was calculated by the Cantera software”” using the 1D freely
propagating premixed flame model with the aforementioned two-step
kinetics. The turbulent flame speed ur was obtained by the following
empirical equation:*

Z/ll

U =43 (5)
u/
In (1 + —)
ur,
' was the turbulent velocity fluctuation calculated as v’ = /2kr/3,
where ky was turbulent kinetic energy. For simplicity, ' was treated
as constantly 100 m/s, the typical value in the combustion region.
Except for the turbulent flame, detonation, and deflagration waves
were also possible flame propagation mechanisms. The C-J detonation
speed Ugeronation Was calculated by the NASA CEA program.47 Then,
the C-J deflagration speed tgcflagration Was evaluated as below:**

Py =1 +2(y+1)
2(p+1)°

Udeflagration = * Udetonation (6)

Speeds [m/s]

1
[\®]
(=3
S

0 5 10 15 20 25 30
Time [ms]

FIG. 22. Time-history curves of 0, uy, ur, and ugr on the z/W = 3/8 surface.
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where y was the specific heat ratio. By the above-mentioned methods,
Fig. 23 plots the theoretical flame speeds w1, Udctonation> A0 Udeflagration
at different ER conditions. It could be seen that the ut around 200 m/s
was close to the ugp of around 80-160m/s as shown in Fig. 22.
Meanwhile, the Ugetonation and Udeflagration Were much larger than ug.
Consequently, the current flame dynamics were dominated by the tur-
bulent flame propagations, rather than the C-J detonation or deflagra-
tion speculated in previous studies.””*""*

IV. CONCLUSION

This paper numerically studied the periodic flame flashback phe-
nomenon in a cavity-based ethylene-fueled scramjet combustor. The
air inflow Mach number, stagnation temperature, and stagnation pres-
sure were 2.6, 1225 K, and 1836 kPa, respectively. The fuel was injected
upstream of the cavity with a total ER of 0.29. A 3D URANS solver
with a recognized two-step kinetic model was adopted for simulation.
Results presented a low-frequency oscillation process with sizable
flame-front movements and large-amplitude variations of wall-
pressures and thrust in a fundamental period of about 27 ms. The
overall features were illustrated in detail. The evolution mechanism of
this process was explained by analyses of flame flow structures, and
the flame propagation mechanism was recognized. The main conclu-
sions are summarized as follows:

1. Spectral analyses of pressure and thrust data proved that the process
was not driven by thermo-acoustic instabilities. Moreover, 1D wall-
pressure distributions manifested the combustion kept in the sepa-
rated scramjet mode accompanied by the periodic establishment
and vanishment of flow separation near the injector. This differed
from previous studies of flame flashbacks associated with the ramjet/
scramjet combustion mode transitions.” >’

2. A mechanism with four evolution stages (stages I-IV) was pro-
posed to elucidate the flow-flame interaction. In stage I, there
was plentiful well-mixed unburned gas with an auto-ignition
tendency due to high temperatures in the near-sidewall
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low-speed region. This contributed to the rapid flame flashback
upstream and shock-train extension. In stage II, the combustion-
induced back-pressure and the shock-train gradually achieved an
aerodynamic balance. In stage III, the combustion flow was
changeless, while temperature gradually increased upstream of the
cavity in the region away from the sidewall. A simplified heat con-
duction model was proposed to explain the temperature increase
as a result of the spanwise heat conduction. The increased temper-
ature would trigger upstream flame propagation with enhanced
heat release due to auto-ignition. Nevertheless, the enhanced heat
release was mostly in the subsonic flow, resulting in pressure
decreases according to 1D flow equations. The decreased back-
pressures generated a smaller near-sidewall separation, thus induc-
ing a rapid flame recession downstream in stage IV.

3. A simplified flame-spreading model was proposed to illuminate
the flame propagation mechanism. The comparison of flame
propagation speeds by this model with theoretical estimations
indicated that the current flame dynamics were dominated by
turbulent flame propagations, rather than the C-J detonation or
deflagration in previous studies.”””***

The current study provides updated insight into the flame flash-
back phenomenon in a scramjet combustor. The conclusions are suit-
able for the popular combustor configuration of fuel injection upstream
of the cavities. They are expected to be helpful for the design and con-
trol of scramjet combustors. Further study should be done to provide
methods for suppressing this phenomenon to produce smooth thrusts.
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