

View

Online


Export
Citation

CrossMark

RESEARCH ARTICLE |  JUNE 21 2022

Ram to scram mode transition in a simulated flight
acceleration 
Ruixu Zhou (周芮旭); Fanzhao Meng (孟凡钊); Tuo Li (李拓); ... et. al

Physics of Fluids 34, 066114 (2022)
https://doi.org/10.1063/5.0089380

Articles You May Be Interested In

Efficient parabolic equation modeling with shear (SCRAM)

J Acoust Soc Am (October 2011)

Effect of NLTE Emissivity Models on NIF Ignition Hohlraum Power Requirements

AIP Conference Proceedings (September 2009)

Mechanical properties of DNAN/HMX melt-cast explosive

AIP Advances (June 2022)

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0089380/16584149/066114_1_online.pdf

https://pubs.aip.org/aip/pof/article/34/6/066114/2847482/Ram-to-scram-mode-transition-in-a-simulated-flight
https://pubs.aip.org/aip/pof/article/34/6/066114/2847482/Ram-to-scram-mode-transition-in-a-simulated-flight?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/pof/article/34/6/066114/2847482/Ram-to-scram-mode-transition-in-a-simulated-flight?pdfCoverIconEvent=crossmark
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.1063/5.0089380
https://pubs.aip.org/asa/jasa/article/130/4_Supplement/2413/712305/Efficient-parabolic-equation-modeling-with-shear
https://pubs.aip.org/aip/acp/article/1161/1/3/864853/Effect-of-NLTE-Emissivity-Models-on-NIF-Ignition
https://pubs.aip.org/aip/adv/article/12/6/065227/2819442/Mechanical-properties-of-DNAN-HMX-melt-cast
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2063275&setID=592934&channelID=0&CID=754934&banID=520996622&PID=0&textadID=0&tc=1&adSize=1640x440&matches=%5B%22inurl%3A%5C%2Fpof%22%5D&mt=1683533815281396&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fpof%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0089380%2F16584149%2F066114_1_online.pdf&hc=d6b29d2cf894844c7719a651d4a9031dda642152&location=


Ram to scrammode transition in a simulated
flight acceleration

Cite as: Phys. Fluids 34, 066114 (2022); doi: 10.1063/5.0089380
Submitted: 25 February 2022 . Accepted: 31 May 2022 .
Published Online: 21 June 2022

Ruixu Zhou (周芮旭),1,2 Fanzhao Meng (孟凡钊),1,2 Tuo Li (李拓),1,2 Zhongpeng Li (李忠朋),1,2 and Huan Lian (连欢)2,a)

AFFILIATIONS
1School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China
2State Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences,
Beijing 100190, China

a)Author to whom correspondence should be addressed: hlian@imech.edu.cn

ABSTRACT

Thrust abruption due to mode transition could be catastrophic for hypersonic vehicles. To understand the underlying physics, a direct-
connected transient Flight Trajectory Simulator 1 (FTS-1) has been developed at the Institute of Mechanics, Chinese Academy of Sciences.
This facility uses advanced high-speed measuring techniques, including thrust and static wall pressure measurement, and Schlieren and
hydrocarbon radical chemiluminescence (CH� chemiluminescence) imaging. Kerosene-fueled dual-mode combustor experiments are
designed in an acceleration trajectory. The basic operation parameters and the flame and flow dynamics of the acceleration induced mode
transition are evaluated. Discussions are given on the triggering mechanisms responsible for the ram to scram mode transition in a simulated
flight acceleration.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0089380

I. INTRODUCTION

A dual-mode scramjet (DMSJ) is one of the enabling technolo-
gies of hypersonic air-breathing vehicles.1 The introduction of an
isolator and the modified design of the nozzle enable operation in a
wide range of flight envelopes with Mach numbers and altitudes.2,3 In
order to meet the requirement of a wide Mach number, the engine
adjusts its working modes in correspondence to the flight envelope.
When the flight Mach number is in the range of 3–6, the engine nor-
mally operates in the ramjet mode. The combustion in the combustor
forms back pressure, which leads to upstream boundary layer separa-
tion and the formation of a thermal throat. The pseudo-combustion
shock train propagates further upstream, sustains in the isolator, and
decelerates the mainstream to subsonic for the benefit of combustion
efficiency. As the flight Mach number increases above 6, the engine
may need to operate in the scramjet mode for net positive thrust.
Under the scramjet mode, the shock train in the isolator dissipates
gradually and the mainstream becomes supersonic, with sustainable
combustion in supersonic flow.

Fuel mixing in DMSJ is closely related to the combustion heat
released. The most common fuel injection method is transverse port
injection. When the fuel is injected into the mainstream, complex flow
structures are formed, which dominate the mixing process of fuel and
oxidizer.4,5 In the near field of fuel injection, mixing is achieved by

large-scale structure interactions that stretch the fuel–air interface and
steepen the local fuel concentration.4–6 Downstream in the far-field of
the injector, the mixing of fuel and air depends on both the turbulent
mixing and mass diffusion. The main parameters that affect jet injec-
tion include the jet momentum flux ratio,7 injection angle,8 the fuel
mass flow rate, and boundary layers thickness,9 which determine the
fuel spatial distribution, local equivalence ratio, and the sub-sequential
combustion process.

Direct injection of fuel into the mainstream is difficult to achieve
stable combustion and may even cause combustion to be blown out.10

In order to maintain stable combustion, three methods are commonly
adopted to increase flame stability: decreasing the flow mixing time,
increasing the flow residence time, and reducing the combustion
chemical reaction time.3 At present, the commonly used methods to
increase the flow residence time include cavity flameholder,11,12

strut,13 and backward step.14 Among them, a cavity flameholder is
widely adopted in scramjet combustors due to its structural simplicity
and advantages of low total pressure loss and local heat flux.

Combustion stabilization has been widely studied numerically and
experimentally in literature. Previous studies systematically evaluate the
effect of the combustion chamber configuration,15 incoming flow
parameters,16,17 ignition process,18,19 and injection parameters.20,21 The
combustion stabilization has been summarized in four modes, including
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weak combustion, cavity shear-layer-stabilized scramjet combustion,
jet-wake-stabilized ramjet combustion, and the oscillation combustion
modes between them.22–25 The flame stability is governed by the cou-
pling effects of the cavity recirculation strength and local stoi-
chiometry26–28 and the flow structure interactions between mainstream,
jet, cavity shear layer, cavity recirculation zone, and vortex structure.10,29

Due to the nonlinearity of flame dynamics, small changes at the working
boundaries, such as incoming flow conditions, injection conditions, and
wall temperature, may lead to flame stability transition under a specific
working mode.10

Despite the thorough study on the steady-state performance of
DMSJ covering aspects from fuel mixing to ignition and combustion
stabilization, studies on the transient combustion behavior are sparse
in literature due to the absence of transient operation facility and large
transient computational expense. Previous transient studies mainly
focus on the inlet unstart caused by combustion-induced pressure
abruption, accompanied by the upstream displacement or “disgorg-
ing’” of the original inlet shock system.30,31 The experimental simula-
tion of the back pressure is usually achieved by mechanical throttling
instead of combustion due to difficulties in experimental realization.
Transient characteristics of inlet unstart have been experimentally
studied by mechanical throttling which induces controllable back pres-
sure. Wieting32 conducted experiments in 1976 to study the unstart
boundary by adding a cylindrical pin downstream of the inlet of a
model scramjet engine. It has been found that the inlet unstart phe-
nomenon can be analytically modeled by normal and oblique shock
theory. Rodi Emami et al.33 studied the engine unstart oscillation
characteristics with a moving flap. The time-resolved pressure
measurement was taken, and oscillation at 300Hz has been observed
after the inlet unstart. Wagner et al.34 also studied the engine unstart
oscillation characteristics with a moving flap and suggested a strong
connection between the unstart and boundary-layer separation.
Combustion-induced back pressure has been achieved by hydrogen
heat addition in the model combustor. Shimura et al.35 and O’Byrne
et al.36 increased the hydrogen to air equivalence ratio experimentally
and observed strong combustion oscillation of the wall pressure and
thrust measurement prior to the inlet unstart. Laurence et al.31 per-
formed an experimental and numerical investigation of the transient
fluid-combustion phenomena. The primary mechanism responsible
for unstart has been concluded to be the overloaded thermal choking
and local boundary-layer separation. Transient combustion studies
have been focusing on combustion response to abruption of equiva-
lence ratio and wall temperature.37 In addition, the DMSJ performance
during transient vehicle acceleration and deceleration has been
obtained solely from flight tests. Specifically, the transient characteris-
tics of mode transition during acceleration and deceleration have been
studied neither experimentally nor numerically. In order to under-
stand the transient flow behavior and foster a novel design of flight
envelope, a direct-connected transient Flight Trajectory Simulator 1
(FTS-1) has been constructed at the Institute of Mechanics, Chinese
Academy of Sciences. The facility is detailed in Sec. II and is capable of
simulating the flight trajectory with simultaneously varying the total
pressure, temperature,38,39 andMach number.40

In this paper, we studied the transient characteristics of mode
transition during a simulated flight acceleration. First, ramjet and
scramjet working modes are identified from the static pressure mea-
surement based on the classical one-dimensional analysis. Abruption

in thrust has been observed due to mode transition during the acceler-
ation process. Second, the steady-state flow and flame dynamics are
evaluated based on the pressure measurements, high-speed Schlieren,
and hydrocarbon radical chemiluminescence (CH� chemilumines-
cence) imaging. Image-processing techniques are developed to extract
the crossflow penetration characteristics. The steady-state characteris-
tics are quantified by Proper Orthogonal Decomposition (POD).
Transient evolution of the heat released, shock train strength, and fuel
crossflow characteristics are specially analyzed with discussions on the
physics of mode transition during acceleration.

II. EXPERIMENTAL SETUP
A. Experimental facility

The experiment was carried out in the direct-connected transient
Flight Trajectory Simulator 1 (FTS-1) at the Institute of Mechanics,
Chinese Academy of Sciences. The direct-connected transient Flight
Trajectory Simulator 1 (FTS-1) consists of the compressed gas supply
system, a water-cooled hydrogen-burning vitiator specifically designed
with a wide operating range, a water-cooled variable throat De Laval
nozzle, the testing section, and the integrated control system. The
novel design of the wide range vitiator enables the flight altitude simu-
lation in terms of corresponding total pressure and temperature. The
flight speed simulation is achieved by the variable throat De Laval noz-
zle, of which a cam module is integrated and torqued by an accurately
controlled servo motor unit. The schematic of the FTS-1 is illustrated
in Fig. 1. The FTS-1 is capable of simulating flight envelopes within
the altitude of 20–30 km and the Mach number of 4.5–6.5. The heated
gas flow rate of FTS-1 is up to 3 kg/s, and the total pressure and tem-
perature are up to 4Mpa and 1900K. The transient flight trajectory
simulation requires careful synchronization of each sub-system. The
mass flow rates of the air, hydrogen, oxygen, and nitrogen are syn-
chronized and timed considering the dynamic response of each PID
feedback-controlled pressure regulating valve. The throat area of the
De Laval nozzle is adjusted to the vitiator mass flow rates accordingly.
The timing sequence of a typical transient flight simulation is shown
in Fig. 2. The air pressure in the vitiator is stabilized for approximately
6.0 s before the oxygen injection at 11.0 s which ensures the oxygen-
enriched environment when the hydrogen is introduced in the vitiator
at 12.5 s. The small hydrogen torch is turned off at 14.0 s when self-
sustainable combustion has been established in the vitiator. The flight
trajectory simulation starts at 14.5 s when the pilot hydrogen and sub-
sequential fuel injection in the scramjet combustor model are initiated.
The mass flow rate of air, oxygen and hydrogen, and the De Laval
nozzle throat area are adjusted from 14.5 to 24.5 s accordingly. The
nitrogen and hydrogen exchange is timed from 24.5 to 30.0 s as a
safety precaution. Figure 3 shows the measured vitiator total pressure
during a typical acceleration experiment. The detailed experimental
parameters are summarized in Table I.

Figure 4 shows the detailed schematic diagram of the test section.
The test section contains a constant area isolator, a cross section of
80� 40mm2, and a model combustor, which is a single-side expan-
sion with an inclination of 2� and equipped with double-cavity flame-
holders. The two cavities have the same size, and the first cavity is
located 447mm downstream of the inlet of the isolation section. The
length, depth, and angle of the trailing edge of the cavities are 65,
17mm, and 22:5�, respectively. The kerosene injection block and the
pilot hydrogen injection block are installed at 60.5 and 9.5mm
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upstream of the cavity, respectively, where the kerosene spray block
has a row of 6 injection ports of 0.3mm. The spark plug ignition,
marked as a red five-pointed star in Fig. 4, is installed at the bottom of
the first cavity. In addition, a pair of quartz glass windows are installed
on both sides of the first cavity for the flow and combustion field visu-
alization which occurs in the red dashed box in Fig. 4.

B. Diagnostic techniques

The thrust sensor Omega LC203–500 with a sampling frequency
of 1 kHz is mounted between the sliding frame at the front of the text
facility and the ground support. The thrust induced by the burned fuel
heat addition can be obtained by subtracting the thrust of the vitiator
calibration. The pressure acquisition system is the combination of
pressure gauges at 100 kHz and 300Hz. The 100 kHz pressure sensors,
marked as blue dots in Fig. 4, are Kulite XTL-190(M) with a

FIG. 1. Continuous variable Mach number direct-connected supersonic combustion test facility.

FIG. 2. Timing sequence of the transient experimental gases.

FIG. 3. Total pressure of the transient operation heater.

TABLE I. Experimental parameters.

Simulated
flight Mach
number

Simulated flight
altitude/km

Simulated dynamic
pressure/kPa

Simulated total
pressure/kPa

Simulated total
temperature/K

Total flow
of heating
gas/(g � s�1)

Kerosene
flow/(g � s�1)

5.0–6.0 20.99–26.28 82–50 1548–1939 1249–1648 1878–1178 �28
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measuring range of 0.7MPa. The 300Hz low-frequency pressure sen-
sors are installed at the upper part of the model combustor and con-
nected to the DTC Initium acquisition system via copper pipes. A
bandpass filter is installed in front of the high-speed camera Phantom
v2612 to capture the CH� chemiluminescence signal for combustion
visualization. The center wavelength of the filter is 430 nm, with a
bandwidth of 10 nm and a peak transmittance of 0.882. The camera
exposure time is 20ls at the frame rate of 6000 frames per second and
a resolution of 1280 � 800 pixels. Flow-field visualization is acquired
by the traditional z-type Schlieren system. The Schlieren system cam-
era has an exposure time of 2ls, a frame rate of 6000 frames per sec-
ond, and a resolution of 1920� 700 pixels. Two Stanford DG645
signal delay generators are used to trigger and synchronize the mea-
surement systems. The trigger DG645 is externally triggered by a TTL
signal from the control room and then triggers each acquisition system
in sequence. The synchronization DG645 is used as the external clock
of the two imaging cameras.

III. DATA PROCESSING
A. Flame extraction

The CH� chemiluminescence signal intensities have been found
to be positively related to the heat release.22,41 Therefore, the spatial
dispersion of CH� chemiluminescence represents the spatial evolution
of the heat released in the combustor. In order to extract the CH�

chemiluminescence intensity in the presence of digital bipolar impulse
noise (salt and pepper noise), a simple extraction method has been
developed. In this paper, the analysis of the heat release rate is evalu-
ated based on the proposed processing method. The flow chart of
quantitative extraction of heat release from the flame CH� chemilumi-
nescence is illustrated in Fig. 5. The three-step process includes
pre-processing, denoising, and flame intensity extraction. The pre-
processing takes care of void images due to transient flame blowout.
After the pre-processing process, the CH� chemiluminescence images
are de-noised following the first proposed method. A mean filter with
a size of 3� 3 is used to smooth the salt and pepper noise in the
images. Then, the Otsu method42 is used to binarize the blurred
images. This method categorizes the image into foreground and back-
ground according to the threshold value and calculates the variance
between different categories

rw ¼ Wf r
2
f þWbr

2
b; (1)

whereW represents the probability of a class; r represents class varian-
ces; and subscripts “f,” “b” represent foreground and background,
respectively. After processing by the Otsu method, a binary image is
obtained, in which 1 represents the chemiluminescence coordinate
and 0 represents the case of the invalid void pixel.

The above process generates a set of coordinates, and the CH�

intensities at those coordinates in the original image are used for heat
release representation. This method has the advantage of maintaining
intensity information from the original CH� images.

B. Jet extraction

The cross-flow fuel injection forms a complex vortex structure.
In the ramjet mode, the cross-flow jet acts as aerodynamic throttling
in addition to the fuel mixing process and is usually characterized by
the longitudinal penetration depth. In the scramjet mode, liquid fuel
breaks from the liquid column into small blocks and droplets along
the flow direction, and its primary breakup distance is usually used to
characterize the mixing characteristics. These two important quantities
of fuel jet can be derived from the Schlieren images. Hence, we pro-
pose a two-step method to quantitatively extract the jet penetration
depth and the liquid length of its primary breakup distance, as shown
in Fig. 6. The two-step method includes de-noising and iterative
boundary detection. The de-noising process is consistent with the
flame extraction process detailed in Fig. 5. A traditional textbook itera-
tive boundary detection method has been adopted to detect the upper
boundary and the downstream liquid breakup point. The upper
boundary and the liquid breakup point are used to quantitatively
define the jet penetration depth and the liquid length.

C. Proper orthogonal decomposition

The POD is one of the most widely used techniques in analyzing
fluid flow velocity which performs linear decomposition and extracts
elastic modes in terms of their contribution to the kinetic energy of the
system.43–45 In our case, the scalar quantity is the two-dimensional
CH� chemiluminescence intensity extracted from the images with the
method detailed in Sec. IIIA. The two-dimensional CH� chemilumi-
nescence intensity positively correlates to the heat addition. Thus, the
POD method can be adopted in the case of flame analysis and extracts
combustion modes in terms of their contribution to the heat release of
the system. The instantaneous two-dimensional scalar can be
reformed as a one-dimensional vector of S, and the matrix of SðkÞ

FIG. 4. Detailed schematic diagram of the test section.
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FIG. 5. Flow chart of flame heat release quantitative extraction.

FIG. 6. Flow chart of jet penetration depth quantitative extraction.
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further introduces the temporal dimension in the scalar vector. The
vectorized S with the dimension of ½1; i� j� and its temporal evolution
SðkÞ; ½k; i� j� are expressed as follows:

S ¼ x1;1; x1;2;…; x1;j;…x2;j;…xi;j½ �T ; (2)

SðkÞ ¼

xð1Þ1;1 xð1Þ1;2 � � � xð1Þ1;j xð1Þ2;j � � � xð1Þi;j

xð2Þ1;1 xð2Þ1;2 � � � xð2Þ1;j xð2Þ2;j � � � xð2Þi;j

� � � � � � � � � � � � � � � � � � � � �
xðkÞ1;1 xðkÞ1;2 � � � xðkÞ1;j xðkÞ2;j � � � xðkÞi;j

2
6666664

3
7777775
: (3)

The Proper Orthogonal Decomposition (POD) performs linear
decomposition of SðkÞ by finding a series of orthonormal basis func-
tions um and its corresponding coefficients cðkÞm , which is resolved by
minimizing the following equation:

SðkÞ ¼
XM
m¼1

cðkÞm um; (4)

XK
k¼1

k SðkÞ �
XM
m¼1

cðkÞm umk2 ! min: (5)

The minimization problem is solved by constructing a symmetric
matrix of R as follows, where R is proportional to the square of the
intensity of CH� chemiluminescence

R ¼ 1
k
SðkÞSðkÞT : (6)

The symmetric matrix R is equivalently expressed by its eigen-
value km and coefficients cm

Rcm ¼ kmcm: (7)

Since the intensity of CH� chemiluminescence is positively
related to the heat release rate, the POD of the vectorized two-
dimensional CH� chemiluminescence intensity S is a useful tool to
understand the regions where the majority of combustion heat releases
and disperses. By sorting the real non-negative eigenvalues km in
descending order k1 > k2 > … > kM > 0, where the summation of
km equals 1, the corresponding mode matrix um representing the
square of the intensity of CH� chemiluminescence can be obtained by
projecting S onto the coefficients cm, which is sorted in the order of
importance in terms of capturing the heat release of the system.

IV. RESULTS AND DISCUSSION

In this section, the ram and scram modes are identified from the
measured pressure distribution. The Mach number distribution is cal-
culated based on the one-dimensional analysis. Methods to identify
the working modes are detailed in Refs. 30, 46, and 47. Qualitative
observation and quantitative evaluation of the transient flow and flame
dynamics during a typical acceleration experiment are presented based
on the high-speed Schlieren and CH� images.

A. Basic operation characteristics

The thrust measurement during acceleration is shown in Fig. 7.
At 21.809 s, a thrust abruption is observed with a sudden decrease of
around 200N, which accounts for 66% of the total thrust. Since the

fuel mass flow rate has been kept constant, the equivalence ratio is var-
ied only by incoming flow variation. The result shows that under cer-
tain conditions, the acceleration-induced flow variations could result
in thrust abruption, which could be disastrous for engine control and
flight safety. The ram and scram modes are identified based on the
measured static wall pressure distribution and the Mach number dis-
tribution calculation following the quasi-1D analysis of Heiser and
Pratt.30

The Mach number Ma is calculated based on the following
equation:

dMa

dx
¼ Ma

1þ ðc�1ÞM2
a

2

1�M2
a

" #
� � 1

A
dA
dx

� �
þ 1þ cM2

a

2
1
Tt

dTt

dx

� �" #
;

(8)

where A, x, c, and T represent the cross-sectional area of the test sec-
tion, the axial distance from the isolator entrance, the specific heat
ratio, and the temperature of the mainstream, respectively. The
dTt=dx in Eq. (8) means the change of the total temperature along
axial distance, which is a function of dA/dx, dP/dx, dMa=dx, andMa,

PðxÞ ¼ Pin
Ain

AðxÞ
ðMaÞin
MaðxÞ

ffiffiffiffiffiffiffiffiffiffi
TðxÞ
Tin

s
; (9)

TðxÞ ¼ Tin
TtðxÞ
ðTtÞin

1þ ðc� 1ÞðMaÞ2in
2

1þ ðc� 1ÞM2
aðxÞ

2

2
6664

3
7775; (10)

where p represents the pressure of the mainstream and the subscript
“in” represents the parameters at the isolator entrance. From the
stream-wise wall pressure distribution measurement, the correspond-
ing Mach number is evaluated following Eqs. (8)–(10). It should be
pointed out that there are numerical errors rooting from the time dis-
cretization process so that the discretized Mach number calculation
during acceleration is analyzed together with the high-speed Schlieren
and CH� images for physical understanding.

The 3D time-space evolution of the pressure distribution and the
corresponding Mach number is shown in Figs. 8 and 9. P1 represents
the entrance pressure of the isolator. The black plane in Fig. 9

FIG. 7. Time history of the thrust.
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represents when the Mach number equals one. An increase in the wall
static pressure has been observed upstream of the first cavity where
the Mach number decreases below unity, which indicates that the
pseudo-combustion shock train has been generated from heat addition
and remains sustainable in the isolator. Hence, the combustor is iden-
tified as the ramjet mode. The equivalence ratio increases continuously
during the acceleration process due to flow variation, while the shock
train system is stable during the ramjet mode. This means that during

the ramjet mode, a transient balance has been established between the
heat addition and flow variation in the combustion chamber, resulting
in a stationary shock train in the isolator. However, further accelera-
tion breaks the pressure balance and leads to the mode transition from
ramjet to scramjet. The pseudo-combustion shock train develops from
oblique shock wave to dissipation, and the whole flow path becomes
supersonic, as shown in Fig. 9 when the combustor is considered to
work in the scramjet mode. In addition, Fig. 8 shows that the mode
transition occurred at around 21.750 s indicated by a large pressure
drop, which is slightly earlier than the time of 21.809 s given for the
instant of thrust abruption. This is because the pressure drop is caused
by the movement of the pseudo-combustion shock train, and the sud-
den change of thrust occurs after the pseudo-combustion shock train
disappears, which will be discussed later, so the sudden change of
thrust is later than the pressure drop time.

Quantitative analysis of the heat release is given by integrating
the spatially distributed intensity signals of CH� chemiluminescence
images. The defined Itotal is a direct representation of combustion heat
addition assuming a positive correlation between the CH� chemilumi-
nescence intensity and the heat released. The absolute value in Fig.10
is the integral of CH� intensity normalized by the CH� intensity at
17.0 s,

Itotal ¼
XR
i¼1

XC
j¼1

Ii;j; (11)

where Ii;j represents the intensity value at row I and column J of CH�

chemiluminescence and R and C represent the total number of rows
and columns, respectively. Figure 10(a) shows the time series of the
integrated CH� chemiluminescence intensity representing the heat
released. Generally, the heat released under the ramjet mode shows an
ascending trend and appears to be consistent under the scramjet mode
during the simulated flight acceleration. The temporal evolution of the
probability of Itotal in each 0:5 s window is given in Fig. 10(b). It is
quite obvious that the heat released at the ramjet mode is significantly
higher than that of the scramjet mode. Under the ramjet mode,
the pdf spread of the heat release is about four times than that of the
scramjet mode, suggesting a strong combustion oscillation under the
ramjet mode.

FIG. 8. Time space of pressure distribution.

FIG. 9. Time space of Mach distribution.

FIG. 10. Transient characteristics evolution, time history of (a) Itotal and (b) corresponding probability distribution during 19.5–21.5 s and 22.0–24.0 s.
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To summarize, for the current experiment, the ramjet mode
occurs from 14.5 to 21.5s and is followed by a mode transition between
21.5 and 22.0 s. The sustainable scramjet mode is from 22.0 to 24.0 s
until the end of the simulated acceleration at 24.5 s. Acceleration-
induced thrust abruption is observed first time from the ground exper-
iment during mode transition at 21.809 s. The 2D projection of the
pressure distribution is shown in Fig. 11 to illustrate the timeline. In
Secs. IVB and IVC, 19.5–21.5 s and 22–24 s are selected with an inter-
val of 0.5 s for the evaluation of the ramjet and scramjet characteristics.
Special focus is given to the transient mode transition characteristics
between 21.750 and 21.765 s.

B. Flame dynamics during acceleration

Figure 12 is an example of the instantaneous high-speed
Schlieren and CH� images during acceleration. t ¼ 17; t ¼ 19; and
t ¼ 21 s show the three characteristic stages of the ramjet mode,
while t ¼ 23 s shows the flame and flow characteristic of the scramjet
mode. During the ramjet mode, the pseudo-combustion shock train
in the combustor decelerates the mainstream to subsonic. For
t ¼ 17; t ¼ 19; and t ¼ 21 s, the kerosene crossflow jet distributes
the kerosene fuel droplets into the mainstream and modulates the
flow. A vortices circulation zone is formed at the jet wake, and
intense combustion occurs in this area and cavity shear layer. It
should be noted that although the pseudo-combustion shock train
consistently remains in the form of oblique shock until ram–scram
mode transition between 21.740 and 21.770 s, the fuel distribution

characteristics are quite different with variations. This is most likely
to be caused by the three-dimensional shock wave and crossflow
mixing layer interactions. The non-reactive multi-phase physics is
already complex in nature, the heat addition from combustion fur-
ther complicates the phenomenon. Based on the image-processing
method detailed in Sec. III, attempts are given to provide quantita-
tive evaluations to understand the transient acceleration process.

As mentioned above, the POD method can be adopted on the
CH� chemiluminescence high-speed images for flame analysis which
extracts combustion modes in terms of their contribution to the heat
release of the system. If the eigenvalues are sorted in descending order,
the corresponding POD modes are arranged in the order of contribu-
tion. The contribution percentage can be quantified by normalizing
over the total summation of eigenvalues. Figure 13(a) shows the nor-
malized POD eigenvalues. It can be seen that the first two eigenvalues
and POD modes contribute to more than 15% of the system energy of
both the ramjet and scramjet operations, suggesting the presence of
strong coherent flow structures which enable stable combustion. For
higher-order combustion modes, the normalized POD eigenvalues
appear to be consistent for both the ramjet and scramjet operations
which could indicate similar flow dynamics in the inertia and dissipa-
tive range. Figure 13(b) illustrates the cumulative performance of the
combustion modes. For the first 100 combustion modes, the first-
order derivative of the cumulative normalized POD eigenvalues of the
ramjet operation is slightly higher than that of the scramjet operation.
This could be caused by the presence of stronger coherent vortex
structures in the ramjet operation. For high-order combustion modes
beyond 100, the first-order derivative of the cumulative normalized
POD eigenvalues of the scramjet operation is higher than that of the
ramjet operation. This indicates that the scramjet operation is possibly
more sensitive to the dissipative flow structures and prone to minor
fluctuations.

The first two combustion modes are chosen to characterize the
stabilization in Sec. IVB. As the incoming Mach number increases,
the pseudo-combustion shock train maintains the form of oblique
shock at the ramjet operation. The formation of the two combustion
zones is related to the interaction between the three-dimensional
shock wave and the crosssflow jet splitting phenomenon. Under the
ramjet mode during 19.5–21.5 s, the temporal averaged CH� chemilu-
minescence high-speed images are plotted in comparison with the
POD combustion modes in Fig. 14. The main stable combustion zone
of the ramjet mode can be divided into jet wake combustion and cavity
shear-layer combustion zone, marked as 1 and 2, respectively. The
upper beam of a kerosene jet of high-penetration depth induces

FIG. 11. Time selection of the ramjet mode and scramjet mode.

FIG. 12. Flow field and combustion field during acceleration process.
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coherent structures downstream of the crossflow jet and enables jet-
wake combustion. The other beam of lower penetration depth forces
the kerosene into the boundary layer and results in the cavity shear-
layer combustion. In addition, while the flame in the jet wake propa-
gates downstream, part of the flame, marked with dashed lines, enters
the entrainment region of the cavity. As the mainstream flow acceler-
ates, transportations between the energy-containing regions are
observed, suggesting the temporal evolution of turbulent coherent
structures under the ramjet acceleration.

The jet-wake-stabilized zone is presumed and categorized as par-
tially premixed flame. The cavity-stabilized flame is considered to be
premixed. The flame spreading angle of premixed cavity stabilized
flame during acceleration is calculated from the CH� chemilumines-
cence high-speed images and shown in Fig. 15. The temporal average
of the cavity stabilized flame has been taken in the window of 0.5 s
from 19.5 to 21.5 s. Since the fuel mass flow rate has been kept con-
stant, it is quite clear that under the ramjet mode the mainstream flow
acceleration is responsible for the ascending mainstream flow velocity
(U) and the flame spreading angle (h) as defined in Fig. 15(a).48 As a
consequence, the flame propagation rate (ST) orthogonal to the flame

surface increases due to both the mainstream acceleration and the
acceleration-induced flow transportation.

Under the scramjet mode during 22.0–24.0 s, the temporal aver-
aged CH� chemiluminescence high-speed images are plotted in com-
parison with the POD combustion modes in Fig. 16. The scramjet
mode mainly corresponds to the shear-layer cavity-stabilized combus-
tion as shown in area 1 in the temporal averaged images. The first
mode of POD shows two energy-containing regions, suggesting the
presence of coherent flow structures. Different from the ramjet mode

FIG. 14. The temporal average and the first two POD modes under the ramjet
mode during 19.5–21.5 s.

FIG. 13. POD linear decomposition during 19.5–21.5 s and 22.0–24.0 s: (a) POD eigenvalues in descending order and (b) cumulative POD eigenvalues.

FIG. 15. (a) Illustration of the flame propagation rate (ST), the mainstream flow
velocity (U), and the flame spreading angle (h)48 and (b) flame spreading angle
under the ramjet mode (19.5–21.5 s).

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 066114 (2022); doi: 10.1063/5.0089380 34, 066114-9

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0089380/16584149/066114_1_online.pdf

https://scitation.org/journal/phf


acceleration, there is little temporal evolution of the turbulent coherent
structures under the scramjet mode.

As illustrated in Fig. 17, the flame spreading angle is near-
constant, suggesting stable flow structures. This finding is consistent
with the POD analysis under the scramjet mode. With the ascending
mainstream flow velocity (U) and the steady flame spreading angle
(h), the flame propagation rate (ST) orthogonal to the flame surface
increases purely due to the mainstream acceleration.

To summarize, POD analysis and flame spreading angle identifi-
cation of the CH� chemiluminescence high-speed images are per-
formed. Physical understandings of the two methods are consistent.
Significant temporal evolution of turbulent coherent structure is
observed under the ramjet mode, which is induced by accelera-
tion–cavity interaction. The flame spreading angle (h) positively corre-
lates to the mainstream flow velocity (U), suggesting the increase of
flame propagation rate (ST) is due to both the mainstream acceleration
and the acceleration-induced flow transportation. The flame dynamics
are characterized by jet-wake, cavity-stabilized combustion and in-
between combustion oscillations. Different from the ramjet mode
acceleration, there is little temporal evolution of the turbulent coherent
structures under the scramjet mode. The flame spreading angle (h) is
near-constant, suggesting the flame propagation rate (ST) is purely

governed by the mainstream acceleration (U). The flame dynamics is
characterized as shear-layer cavity-stabilized combustion with little
oscillation.

C. Flow dynamics during acceleration

The instantaneous Schlieren images of the ramjet mode (from
19.5 to 21.5 s) and the scramjet mode (from 22.0 to 24.0 s) are shown
in Fig. 18. The flow dynamics of the two working modes have been
mainly summarized as the pseudo-combustion shock train and super-
sonic core flow by researchers over the past two decades. In addition,
the fuel jet crossflow structure governs the mixing and sub-sequential
combustion process. Thus, the pseudo-combustion shock train and
crossflow fuel jets’ performance in simulated acceleration are discussed
in detail in this section.

The leading edge of the pseudo-combustion shock train is tradi-
tionally quantified based on static wall pressure and its derivative.
Visual observation or pattern recognition image processing of the
high-speed Schlieren shadowgraph images has also been used for iden-
tifying shock train structures by the community. Hutzel et al.49 com-
pared six pressure-based methods defining the leading edge of the
pseudo-combustion detection with high-speed shadowgraph images.
The pressure ratio has been considered to be the most suitable method
to represent the shock leading edge due to its simplicity and high accu-
racy. Therefore, the pressure ratio between the static wall pressure and
the pressure at the isolator entrance is adopted in the paper to define
the leading edge of the pseudo-combustion shock train. A ratio of 1.5
is used as the defined threshold. In addition, the pressure ratio between
the isolator and the combustor entrance is a direct representation of
the shock train intensity. However, this method does not consider the
streamwise dependence. Thus, the pressure spatial partial derivative is
used here to define the pseudo-combustion shock train intensity.

The pressure spatial partial derivative 4p
4x is defined as

4p
4x

¼ P2 � PLE
x2 � xLE

; (12)

FIG. 16. The temporal average and the first two POD modes under the scramjet
mode during 22.0–24.0 s.

FIG. 17. Flame spreading angle under the scramjet mode. FIG. 18. Instantaneous Schlieren images during 19.5–21.5 s and 22.0–24.0 s.
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where P, x represent the pressure ratio and axis position and the sub-
scripts “2” and “LE” represent isolator exit and the defined shock train
leading edge. The pressure derivative quantifies the intensity of the
pseudo-combustion shock train. As illustrated in Fig. 19, the leading edge
of the pseudo-combustion shock train system maintains around 320mm

downstream of the isolator entrance under the ramjet mode. During
mode transition, the leading edge quickly moves downstream and disap-
pears. The shock train intensity decreases as the flow accelerates, sugges-
ting a normal to oblique shock train evolution as shown in Fig. 20.

As the pseudo-combustion shock train decays and dissipates, the
interaction between the crossflow transverse fuel jets and the shock
wave has been observed from the Schlieren images. The fuel jet pene-
trates into the crossflow providing flow blockage and air throttling to
the incoming flow, hence generating a three-dimensional bow shock
structure whose strength depends on the level of air throttling block-
age and the intensity of the pseudo-combustion shock train. Since the
intensity of pseudo-combustion shock train is directly dependent on
the combustion heat addition sub-sequential to the transverse jet fuel
mixing process, the iterative interaction between fuel mixing, combus-
tion heat addition, and flow structures is complex with a coupling
nature. To understand the interactions, the transverse jet penetration
depth and the stream-wise length are quantified based on the image-
processing method detailed in Sec. III. The penetration depth is the
main injection parameter, and the stream-wise length is considered a
good indication of the location where the liquid column breaks up,
which is critical for the fuel mixing process.

Figures 21 and 22 show the time series of the jet penetration
depth and liquid length and its temporal probability evolution. Under
the ramjet mode, the jet penetration is significantly higher than that of
the scramjet mode and is around four times higher in the fluctuation
level shown as a large spread of pdfs. On the contrary, the jet liquid
length is lower under the ramjet mode with a higher level of fluctua-
tion. The jet penetration depth and liquid length are relatively stable
under both the ramjet and scramjet modes, suggesting the dispersed
phase of fuel concentration and mixing efficiency are likely to be inde-
pendent of the mainstream flow acceleration. This is ensured by the
thermal throat of the upstream pseudo-combustion shock train sys-
tem, of which the intensity decreases, yet its leading edge remains at a
fixed location. Since the fuel mass flow rate has been kept constant
and the total air mass flow rate decreases during vehicle acceleration,
the fuel to air equivalence ratio increases during the flight acceleration.
The above-mentioned phenomenon results in an ascending trend in
the heat released and the thrust under the ramjet mode as shown in
Figs. 10(a) and 7.

FIG. 20. Time history of the pseudo-combustion shock train intensity.

FIG. 19. Time history of shock train leading edge.

FIG. 21. Transient characteristics evolution; time history of (a) jet penetration and (b) corresponding probability distribution during 19.5–21.5 s and 22.0–24.0 s.
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D. Mode transition transients

In Sec. IVA an ascending trend in the heat released and the
thrust under the ramjet mode are observed during acceleration.
Detailed discussions are given on the flame and flow dynamics includ-
ing the pseudo-combustion shock train and crossflow fuel jets perfor-
mance. We have not answered the question of the triggering
mechanism responsible for the ram to scram mode transition and
thrust abruption in flight acceleration. To this end, attempts are given
below to provide possible explanations.

The high-speed Schlieren and CH� chemiluminescence images of
the transient process during mode transition are shown in Fig. 23 for
qualitative observation. It is quite obvious from the Schlieren imaging
that the ram to scram mode transition process is characterized by flow
acceleration, downstream moving, and decaying pseudo-combustion
shock train from normal to the oblique structure until dissipation. For
the crossflow fuel injection, the jet penetration depth and liquid length
are relatively stable under both the ramjet and scramjet modes. Under
the ramjet mode, the jet penetration is significantly higher than that of

FIG. 22. Transient characteristics evolution; time history of (a) liquid length and (b) corresponding probability distribution during 19.5–21.5 s and 22.0–24.0 s.

FIG. 23. The high-speed Schlieren and CH� chemiluminescence images from (a) 21.7500 to (p) 21.7800 s.
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the scramjet mode, but the jet liquid length is somehow lower caused
by higher combustion-induced back pressure. The observation is con-
sistent with the quantitative evaluation in Sec. IVC.

The transient process during mode transition is categorized into
four phases and summarized below:

Phase 1: the moving pseudo-combustion shock train acts on the
fuel jets and reduces the jet penetration depth with enhanced mix-
ing in the near-wall area, resulting in a higher level of fluctuation
in combustion.
Phase 2: the pseudo-combustion shock train has moved
downstream, and the energy containing head shock of the pseudo-
combustion shock train interacts with the fuel jet. The jet penetra-
tion depth decreases significantly with a sharp increase in the liq-
uid length. The flame moves downstream and toward the cavity.
Phase 3: the pseudo-combustion shock train dissipates. The super-
sonic core flow results in flame motion into the cavity.
Phase 4: the supersonic core flow completely dominates the
diverging duct and is characterized by cavity stabilization
combustion.

A simplified illustration of the transient process during mode
transition is shown in Fig. 24.

The high repetition rate static wall pressure measurements, the
jet penetration, and liquid length derived from Secs. IVA and IVC, as
well as the total heat released in the cavity represented by the integral
of CH� chemiluminescence, are shown below. The above-mentioned
four transient phases during mode transition are marked in detail in
Fig. 25. The HP-L, HP-M, and HP-R represent the high-frequency
pressure sensors at the upstream, central, and rear edge of the cavity,
respectively. The locations of the three high-frequency pressure sen-
sors are shown in Fig. 4. A higher level of fluctuation in the heat
released is observed in Fig. 25(a) before the observed motion of the
pseudo-combustion shock train at 21.75 s. Shortly after 21.75 s, peaks
are observed at the upstream, central, and rear edge of the cavity pres-
sure sensor confirming the presence of a moving pseudo-combustion
shock train. Consistent with the quantification in Sec. IVC, the jet

penetration depth and the liquid length are stable with small fluctua-
tion before interactions with the moving pseudo-combustion shock
train.

With the transient process of mode transition detailed above,
attempts are given below to provide possible explanations of its trig-
gering mechanism. Referring to Eq. (8) in Sec. IVA, the theoretical
Mach number based on the quasi-steady analysis is a function of the
cross-sectional area of the model combustor. The cross-sectional area
usually neglects friction and the effect of the thermal flow boundary
layer. For simplification, we assume the following relationship taking
into account the thermal flow boundary layer effects:

Arealðx; tÞ ¼ AðxÞ � dðx; tÞ; (13)

where dðx; tÞ represents the boundary layer thickness at the given
location. It has been found that the boundary layer thickness is nega-
tively related to the flow Reynolds number,50 yet, physical understand-
ing and theory of the reacting flow boundary layer thickness is still
vacant. At each flight Mach number, it is most likely that a delicate
pressure balance has been achieved and sustained between the coun-
teract effects of flow acceleration and heat addition. The pseudo-
combustion shock train position is maintained in the isolator under
the ramjet mode. The increased flow Mach number and the total tem-
perature lead to variations in boundary-layer thickness and conse-
quential the cross-sectional area of the model combustor. It is very
possible that a sudden variation in the reactive boundary layer upsets
the balance between the counteract effects between the flow accelera-
tion and heat addition and results in the pseudo-combustion shock
train dynamics and eventually the mode transition. However, cur-
rently, we could not provide a definite explanation to the triggering
mechanism effect due to the lack of a quantitative experimental
method for the reactive boundary layer.

E. Conclusion

Successful development of the direct-connected transient Flight
Trajectory Simulator 1 (FTS-1) at the Institute of Mechanics,

FIG. 24. Illustration of the transient process during mode transition from 21.7500 to 21.7800 s.
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Chinese Academy of Sciences, enables ground-based simulation of
flight acceleration. Kerosene-fueled dual-mode combustor experiments
are designed to study the acceleration-induced mode transition dynam-
ics and transients. The main findings are summarized below.

• Based on the static wall pressure and thrust measurements, for
the current simulation of flight acceleration, the ramjet mode
occurs from 14.5 to 21.5 s and is followed by mode transition
between 21.5 and 22.0 s. The sustainable scramjet mode is from
22.0 to 24.0 s until the end of the simulated acceleration at 24.5 s.
Since the mass flow rate of kerosene fuel has been kept constant,
acceleration-induced thrust abruption is observed first time from
the ground experiment during mode transition at 21.809 s.
Generally, the heat released under the ramjet mode shows an
ascending trend and appears to be consistent under the scramjet
mode during the simulated flight acceleration. The temporal evo-
lution of the probability of Itotal in each 0:5 s window shows that
the heat released at the ramjet mode is significantly higher than
that of the scramjet mode. Under the ramjet mode, the pdf
spread of the heat release is about four times than that of the
scramjet mode, suggesting strong combustion oscillation under
the ramjet mode.

• POD analysis and flame spreading angle identification of the
CH� chemiluminescence high-speed images are performed.

Physical understandings from the two methods are consistent.
Significant temporal evolution of turbulent coherent structure is
observed under the ramjet mode, which is induced by accelera-
tion–cavity interaction. The flame spreading angle (h) positively
correlates to the mainstream flow velocity (U), suggesting the
increase of flame propagation rate (ST) is due to both the
mainstream acceleration and the acceleration-induced flow trans-
portation. The flame dynamics is characterized as jet-wake, cav-
ity-stabilized combustion and in-between combustion
oscillations. Different from the ramjet mode acceleration, there is
little temporal evolution of the turbulent coherent structures
under the scramjet mode. The flame spreading angle (h) is near-
constant, suggesting the flame propagation rate (ST) is purely
governed by the mainstream acceleration (U). The flame dynam-
ics is characterized as shear-layer cavity-stabilized combustion
with little oscillation.

• Quantitative evaluations of the pseudo-combustion shock train
and crossflow fuel jets performance are given of the simulated
acceleration. Under the ramjet mode, the jet penetration is signif-
icantly higher than that of the scramjet mode and is around four
times higher in fluctuation level showing a large spread of pdfs.
On the contrary, the jet liquid length is lower under the ramjet
mode with a higher level of fluctuation. The jet penetration depth
and liquid length are relatively stable under both the ramjet and

FIG. 25. Transient characteristics evolution in mode transition process, time history of (a) Itotal, (b) high-frequency pressure, and (c) jet penetration and liquid length.
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scramjet modes, suggesting the dispersed phase of fuel concentra-
tion and mixing efficiency are likely to be independent of the
mainstream flow acceleration. This is ensured by the thermal
throat of the upstream pseudo-combustion shock train system, of
which the intensity decreases, yet its leading edge remains at a
fixed location. Since the fuel mass flow rate has been kept con-
stant and the total air mass flow rate decreases during vehicle
acceleration, the fuel to air equivalence ratio increases during the
flight acceleration. The above-mentioned phenomenon results in
an ascending and stable trend in the heat released and the thrust
under the ramjet and scramjet modes.

• The transient process during mode transition is categorized into four
phases based on the behavior of the moving pseudo-combustion
shock train. Attempts are given to provide possible explanations of
its triggering mechanism. At each flight Mach number, it is most
likely that a delicate pressure balance has been achieved and sus-
tained between the counteract effects of flow acceleration and heat
addition. The pseudo-combustion shock train position is maintained
in the isolator under the ramjet mode. The increased flow Mach
number and the total temperature lead to variations in boundary-
layer thickness and consequential the cross-sectional area of the
model combustor. It is very possible that a sudden variation in the
reactive boundary layer upsets the balance between the counteract
effects between the flow acceleration and heat addition and results in
the pseudo-combustion shock train dynamics and, eventually, the
mode transition. However, currently, we could not provide a definite
explanation to the triggering mechanism effect due to the lack of a
quantitative experimental method for the reactive boundary layer.

ACKNOWLEDGMENTS

We wish to acknowledge the financial support of the National
Natural Science Foundation of China Grant Nos. 91941104 and
11872366.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

DATA AVAILABILITY

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

REFERENCES
1P. L. Moses, V. L. Rausch, L. T. Nguyen, and J. R. Hill, “NASA hypersonic flight
demonstrators–Overview, status, and future plans,” Acta Astronaut. 55,
619–630 (2004).
2J. Hu, W. Bao, and J. Chang, “Flame transition in dual-mode scramjet combus-
tor with oxygen piloted ignition,” J. Propul. Power 30(4), 1103–1107 (2014).

3Q. Liu, D. Baccarella, and T. Lee, “Review of combustion stabilization for
hypersonic airbreathing propulsion,” Prog. Aerosp. Sci. 119, 100636 (2020).

4A. Ben-Yakar, M. G. Mungal, and R. K. Hanson, “Time evolution and mixing
characteristics of hydrogen and ethylene transverse jets in supersonic cross-
flows,” Phys. Fluids 18(2), 026101 (2006).

5M. R. Gruber, A. S. Nejadt, T. H. Chen, and J. C. Dutton, “Mixing and penetra-
tion studies of sonic jets in a mach 2 freestream,” J. Propul. Power 11(2),
315–323 (1995).

6A. Ben-Yakar and R. K. Hanson, “Ultra-fast-framing schlieren system for stud-
ies of the time evolution of jets in supersonic crossflows,” Exp. Fluids 32(6),
652–666 (2002).

7M. B. Sun and Z. W. Hu, “Mixing in nearwall regions downstream of a sonic
jet in a supersonic crossflow at Mach 2.7,” Phys. Fluids 30(10), 106102 (2018).

8A. Oamjee and R. Sadanandan, “Effects of fuel injection angle on mixing per-
formance of scramjet pylon-cavity flameholder,” Phys. Fluids 32(11), 116108
(2020).

9A. Pizzaia and T. Rossmann, “Effect of boundary layer thickness on transverse
sonic jet mixing in a supersonic turbulent crossflow,” Phys. Fluids 30(11),
115104 (2018).

10H. Wang, Z. Wang, M. Sun, and H. Wu, “Combustion modes of hydrogen jet
combustion in a cavity-based supersonic combustor,” Int. J. Hydrogen Energy
38(27), 12078–12089 (2013).

11A. Ben-Yakar and R. K. Hanson, “Supersonic combustion of cross-flow jets and
the influence of cavity flame-holders,” in 37th Aerospace Sciences Meeting and
Exhibit, 1999.

12M. R. Gruber, R. A. Baurle, T. Mathur, and K. Y. Hsu, “Fundamental studies of
cavity-based flameholder concepts for supersonic combustors,” J. Propul.
Power 17(1), 146–153 (2001).

13K. A. Verma, K. M. Pandey, M. Ray, and K. K. Sharma, “Effect of transverse
fuel injection system on combustion efficiency in scramjet combustor,” Energy
218, 119511 (2021).

14W. Huang, M. Pourkashanian, L. Ma, D. B. Ingham, S. B. Luo, and Z. G. Wang,
“Investigation on the flameholding mechanisms in supersonic flows: Backward-
facing step and cavity flameholder,” J. Visualization 14(1), 63–74 (2011).

15R. Masumoto, S. Tomioka, K. Kudo, A. Murakami, K. Kato, and H. Yamasaki,
“Experimental study on combustion modes in a supersonic combustor,”
J. Propul. Power 27(2), 346–355 (2011).

16M. L. Fotia and J. F. Driscoll, “Isolator-combustor interactions in a direct-
connect ramjet-scramjet experiment,” J. Propul. Power 28(1), 83–95 (2012).

17Y. Zhang, B. Chen, G. Liu, B. Wei, and X. Xu, “Influencing factors on the mode
transition in a dual-mode scramjet,” Acta Astronaut. 103, 1–15 (2014).

18W. Shi, Y. Tian, J. L. Le, and F. Zhong, “Effect of pilot hydrogen on the forma-
tion of dynamic flame in an ethylene-fueled scramjet with a cavity,” Phys.
Fluids 33(5), 055130 (2021).

19Y. Tian, W. Shi, F. Zhong, and J. L. Le, “Pilot hydrogen enhanced combustion
in an ethylene-fueled scramjet combustor at Mach 4,” Phys. Fluids 33(1),
015105 (2021).

20Y. Wang, Z. Wang, M. Sun, and H. Wang, “Combustion stabilization modes in
a hydrogen-fueled scramjet combustor at high stagnation temperature,” Acta
Astronaut.152, 112–122 (2018).

21Y. Wang, Z. Wang, M. Sun, H. Wang, and Z. Cai, “Effects of fueling distance
on combustion stabilization modes in a cavity-based scramjet combustor,” Acta
Astronaut. 155, 23–32 (2019).

22D. J. Micka, S. M. Torrez, and J. F. Driscoll, “Heat release distribution in a
dual-mode scramjet combustor - measurements and modeling,” in 16th AIAA/
DLR/DGLR International Space Planes and Hypersonic Systems and
Technologies Conference, Bremen, Germany, 2009, pp. 2009–7362.

23S. Nakaya, R. Kinoshita, J. Lee, H. Ishikawa, and M. Tsue, “Analysis of super-
sonic combustion characteristics of ethylene/methane fuel mixture on high-
speed measurements of CH� chemiluminescence,” Proc. Combust. Inst. 37(3),
3749–3756 (2019).

24H. Wang, Z. Wang, M. Sun, and N. Qin, “Combustion characteristics in a
supersonic combustor with hydrogen injection upstream of cavity flame-
holder,” Proc. Combust. Inst. 34(2), 2073–2082 (2013).

25Y. Yuan, T. Zhang, W. Yao, X. Fan, and P. Zhang, “Characterization of flame
stabilization modes in an ethylene-fueled supersonic combustor using time-
resolved CH � chemiluminescence,” Proc. Combust. Inst. 36(2), 2919–2925
(2017).

26C. C. Rasmussen, J. F. Driscoll, C. D. Carter, and K. Y. Hsu, “Characteristics of
cavity-stabilized flames in a supersonic flow,” J. Propul. Power 21(4), 765–768
(2005).

27C. C. Rasmussen, J. F. Driscoll, K. Y. Hsu, J. M. Donbar, M. R. Gruber, and C.
D. Carter, “Stability limits of cavity-stabilized flames in supersonic flow,” Proc.
Combust. Inst. 30(2), 2825–2833 (2005).

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 066114 (2022); doi: 10.1063/5.0089380 34, 066114-15

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0089380/16584149/066114_1_online.pdf

https://doi.org/10.1016/j.actaastro.2004.05.045
https://doi.org/10.2514/1.B35239
https://doi.org/10.1016/j.paerosci.2020.100636
https://doi.org/10.1063/1.2139684
https://doi.org/10.2514/3.51427
https://doi.org/10.1007/s00348-002-0405-z
https://doi.org/10.1063/1.5045752
https://doi.org/10.1063/5.0026125
https://doi.org/10.1063/1.5056540
https://doi.org/10.1016/j.ijhydene.2013.06.132
https://doi.org/10.2514/2.5720
https://doi.org/10.2514/2.5720
https://doi.org/10.1016/j.energy.2020.119511
https://doi.org/10.1007/s12650-010-0064-8
https://doi.org/10.2514/1.B34020
https://doi.org/10.2514/1.B34367
https://doi.org/10.1016/j.actaastro.2014.05.014
https://doi.org/10.1063/5.0048229
https://doi.org/10.1063/5.0048229
https://doi.org/10.1063/5.0036592
https://doi.org/10.1016/j.actaastro.2018.07.053
https://doi.org/10.1016/j.actaastro.2018.07.053
https://doi.org/10.1016/j.actaastro.2018.11.005
https://doi.org/10.1016/j.actaastro.2018.11.005
https://doi.org/10.1016/j.proci.2018.09.011
https://doi.org/10.1016/j.proci.2012.06.049
https://doi.org/10.1016/j.proci.2016.07.040
https://doi.org/10.2514/1.15095
https://doi.org/10.1016/j.proci.2004.08.185
https://doi.org/10.1016/j.proci.2004.08.185
https://scitation.org/journal/phf


28C. C. Rasmussen, S. K. Dhanuka, and J. F. Driscoll, “Visualization of flame-
holding mechanisms in a supersonic combustor using PLIF,” Proc. Combust.
Inst. 31(2), 2505–2512 (2007).

29C. Liu, Z. Wang, M. Sun, H. Wang, and P. Li, “Characteristics of a cavity-
stabilized hydrogen jet flame in a model scramjet combustor,” AIAA J. 57(4),
1624–1635 (2019).

30W. H. Heiser, D. T. Pratt, D. H. Daley, and U. B. Mehta, Hypersonic
Airbreathing Propulsion (AIAA Education Series, Washington, DC, 1994).

31S. J. Laurence, S. Karl, J. M. Schramm, and K. Hannemann, “Transient fluid-
combustion phenomena in a model scramjet,” J. Fluid Mech. 722, 85–120
(2013).

32A. R. Wieting, “Exploratory study of transient upstart phenomena in a three-
dimensional fixed-geometry scramjet engine,” Report No. NASA-TN-D-8156
(NASA, Washington, DC, 1976).

33P. E. Rodi, S. Emami, and C. A. Trexler, “Unsteady pressure behavior in a ram-
jet/scramjet inlet,” J. Propul. Power 12(3), 486–493 (1996).

34J. L. Wagner, K. B. Yuceil, A. Valdivia, N. T. Clemens, and D. S. Dolling,
“Experimental investigation of unstart in an inlet/isolator model in Mach 5
flow,” AIAA J. 47(6), 1528–1542 (2009).

35T. Shimura, T. Mitani, N. Sakuranaka, and M. Izumikawa, “Load oscillations
caused by unstart of hypersonic wind tunnels and engines,” J. Propul. Power
14(3), 348–353 (1998).

36S. O’Byrne, M. Doolan, S. R. Olsen, and A. F. P. Houwing, “Analysis of tran-
sient thermal choking processes in a model scramjet engine,” J. Propul. Power
16(5), 808–814 (2000).

37M. L. Fotia and J. F. Driscoll, “Ram-scram transition and flame/shock-train
interactions in a model scramjet experiment,” J. Propul. Power 29(1), 261–273
(2013).

38G. A. Sullins, D. A. Carpenter, M. W. Thompson, F. T. Kwork, and L. A.
Mattes, “A demonstration of mode transition in a scramjet combustor,” in
AIAA/ASME/SAE/ASEE 27th Joint Propulsion Conference, 1991.

39G. A. Sullins, “Demonstration of mode transition in a scramjet combustor,”
J. Propul. Power 9(4), 515–520 (1993).

40C. Zhang, J. Chang, J. Zhang, W. Bao, and D. Yu, “Effect of continuous mach
number variation of incoming flow on ram–scram transition in a dual-mode
combustor,” Aerosp. Sci. Technol. 76, 433–441 (2018).

41Y. Hardalupas, C. S. Panoutsos, and A. M. K. P. Taylor, “Spatial resolution of a
chemiluminescence sensor for local heat-release rate and equivalence ratio
measurements in a model gas turbine combustor,” Exp. Fluids 49(4), 883–909
(2010).

42N. Otsu, “A threshold selection method from gray-level histograms,” IEEE
Trans. Syst. Man Cybern. 9, 62–66 (1979).

43L. Sirovich, “Turbulence and the dynamics of coherent structures. i. Coherent
structures,” Q. Appl. Math. 45(3), 561–571 (1987).

44A. Chatterjee, “An introduction to the proper orthogonal decomposition,”
Curr. Sci. 78(7), 808–817 (2000).

45H. Chen, D. L. S. Hung, M. Xu, H. Zhuang, and J. Yang, “Proper orthogonal
decomposition analysis of fuel spray structure variation in a spark-ignition
direct-injection optical engine,” Exp. Fluids 55(4), 1–12 (2014).

46T. B. Steva, C. P. Goyne, R. D. Rockwell, D. Cresci, and J. W. Osborne,
“Comparison of a direct-connect and freejet dual-mode scramjet,” J. Propul.
Power 31(5), 1380–1392 (2015).

47W. Huang, Z. B. Du, L. Yan, and R. Moradi, “Flame propagation and stabiliza-
tion in dual-mode scramjet combustors: A survey,” Prog. Aerosp. Sci. 101,
13–30 (2018).

48D. J. Micka, “Combustion stabilization, structure, and spreading in a laboratory
dual-mode scramjet combustor,” Ph.D. thesis (The University of Michigan, 2010).

49J. R. Hutzel, D. D. Decker, R. G. Cobb, P. I. King, M. J. Veth, and J. M. Donbar,
“Scramjet isolator shock train location techniques,” in 49th AIAA Aerospace
Sciences Meeting Including the New Horizons Forum and Aerospace
Exposition, 2011, Vol. 402.

50S. Hermann and G. Klaus, Boundary-Layer Theory (Springer, Berlin, 2017).

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 066114 (2022); doi: 10.1063/5.0089380 34, 066114-16

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0089380/16584149/066114_1_online.pdf

https://doi.org/10.1016/j.proci.2006.08.007
https://doi.org/10.1016/j.proci.2006.08.007
https://doi.org/10.2514/1.J057346
https://doi.org/10.1017/jfm.2013.56
https://doi.org/10.2514/3.24061
https://doi.org/10.2514/1.40966
https://doi.org/10.2514/2.5287
https://doi.org/10.2514/2.5645
https://doi.org/10.2514/1.B34486
https://doi.org/10.2514/3.23653
https://doi.org/10.1016/j.ast.2018.02.027
https://doi.org/10.1007/s00348-010-0915-z
https://doi.org/10.1109/TSMC.1979.4310076
https://doi.org/10.1109/TSMC.1979.4310076
https://doi.org/10.1090/qam/910462
https://doi.org/10.1007/s00348-014-1703-y
https://doi.org/10.2514/1.B35221
https://doi.org/10.2514/1.B35221
https://doi.org/10.1016/j.paerosci.2018.06.003
https://scitation.org/journal/phf

