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� Optical diagnosis of scramjet combustor with circular cross section and high Mach number were carried out.

� The different flame structures produced by different injection methods were studied by multi-view synchronous imaging.

� TDLAS is used to determine the effective working time of the direct-connected hydrogen-oxygen detonation driven test platform.

� The pulsation frequency of high Mach number flame is investigated by POD analysis.
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Various optical methods are applied to study flame characteristics of a circular-cross-

section combustor for a Mach 10 scramjet. Experiments are performed on a direct-

connected test facility fueled by hydrogen and driven using hydrogen/oxygen detona-

tion. The circular-cross-section combustor is advantageous in solving thermal in-

homogeneity, corner boundary layer and aircraft integration problems. However, it is

difficult to use traditional optical measurement methods, which require large-sized mea-

surement windows. In this study, tunable diode laser spectroscopy and a multi-view im-

aging system are used with small windows. High repetition rate measurements allow the

effective time of facility, which is approximately 5 ms in this case, to be obtained. The

dynamic flame characteristics are diagnosed upstream and downstream of the cavity with/

without strut injection. When combined with proper orthogonal decomposition to obtain

the flame pulsation state during the effective time period, the method is expected to be

effective for engine performance evaluation and numerical simulation verification.
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Introduction

With continuing aircraft technology development over the

last century, aircraft flying speeds have changed gradually

from subsonic to supersonic and hypersonic speeds. Among

the engine technologies used at these high speeds, the air-

breathing ramjet has characteristics that include a simple

structure, high load capacity, and no requirement for its own

oxidizer, whichmeans that this engine has become a research

focus in hypersonic flight technology. Scramjets with flying

Mach numbers of Ma 5e8 and Ma > 8 are usually called

medium-range scramjets and high Mach scramjets, respec-

tively. In the 1950s, Weber et al. performed a detailed analysis

of the advantages and disadvantages of supersonic combus-

tion [1]. Since then, there have been numerous research re-

ports on scramjet engines. In the 1980s, NASA and the NASP

jointly launched the Aerospace Plane Project, which verified

the feasibility of scramjet engines [2,3]. In 1991, the Kholod

aircraft carried out its first flight experiment and its flying

Mach number reached 5.8 [4]. In 2004, the X43A completed a

flight experiment with a Mach number of 9.6 [5,6].

The cross-sectional shapes of scramjets have undergone

two transformations since their initial design, i.e., from circu-

lar to rectangular to circular. In the 1960s, because the inter-

nally rotating intake duct was more suitable for a transition to

a circular cross-section combustion chamber and provided

advantages in structural design, cooling and internal resis-

tance, the circular cross-section combustion chamber was

regarded as the ideal combustion chamber configuration [7]. In

the 1980s, because wide-area flight requirements led to greater

demand for variability in the combustion chamber geometry,

and because the circular cross-section combustion chamber

places higher requirements on fuel injection technology, sci-

entific research units represented by NASP gradually turned

their attention toward use of rectangular cross-sections [8]. In

1997, Aerojet adopted the circular dual-combustion ramjet

(DCR) concept from the Johns Hopkins University Applied

Physics Laboratory [9,10]. In 2002, Fred Billig and Aerojet

Rocketdyne Holdings launched the Hyfly project and also used

circular cross-section combustion [11]. The subsequent Hy-

personic Collaborative Australia/United States Experiment

(HyCAUSE) and Hypersonic International Flight Research

Experimentation (HIFIRE) projects further confirmed that cir-

cular cross-section combustion chamber characteristics

enable solution of the boundary layer problem in the corner

zone and provide superior lift-drag after aircraft integration.

The application of struts also means that the fuel injection

problem has been solved preliminarily [12e16]. Therefore, the

circular cross-section combustion chamber has once again

become the preferred option for aspirated scramjets.

To provide the experimental data required for hypersonic

vehicle design, it is important to obtain experimental internal

flow field data; however, in hypersonic measurements using a

direct-connected combustion test bench, the complex and

harsh flow field environment inside the scramjet engine

makes it difficult to apply invasive measurement methods to

internal flow diagnosis. Noncontact optical measurement

methods have therefore become particularly important. In

previous experiments, many optical testing methods have
been applied successfully. Willert et al. used particle image

velocimetry (PIV) to measure the speed in the combustion

chamber under both normal pressure and high-pressure en-

vironments, thus confirming the feasibility of PIV application

in high-temperature combustion environments [17]. An et al.

used high-speed photography techniques to analyze the ef-

fects of the ignition energy and positional changes on the

cavity ignition process [18]. Planar laser-induced fluorescence

(PLIF) is also used widely to measure OH and CH distributions

in the incoming flow of the combustion chamber and the

combustion field, along with the disturbance distribution in

the combustion field [19e23]. In the HIFiRE-2 project, tunable

diode laser absorption spectroscopy (TDLAS) was used to

measure the composition at the combustor outlet [24,25]. In

summary, the optical measurement experiments described

above often required large measurement windows, but mea-

surement methods that involve cutting out large optical

measurement windows are not conducive to practical use in

circular cross-section combustion chambers or actual flight

experiments.

In this article, a test method for diagnosis of both the flame

structure and the incoming flow state in a circular combustion

chamber with a 100 mm inner diameter was performed using

a pulse-type direct-connection combustion test bench.

Twelve threaded holes with 8 mm inner diameters were

excavated on the combustion chamber wall and combined

with near/mid-infrared (1.4 mm and 2.5 mm) absorption spec-

trometry to measure dynamic changes in the flowing water

content and a multi-view synchronous imaging method to

study changes in the flame structure. Additionally, proper

orthogonal decomposition (POD) was introduced to analyze

the stability of the high Mach number combustion flame.
Experimental equipment

Detonation-driven direct-connected scramjet test facility

To perform scramjet ground experiments, it is necessary to

obtain airflow that meets specific speed, temperature, and

pressure requirements. The traditional electric heating

method is clean and pollution-free, but its heating efficiency is

low, and the slow speeds obtained can no longer meet the

various indicators required simultaneously [26,27]. In 1957,

Bird proposed the detonation drive concept [28]. In 1988, Yu

proposed addition of a detonation section at the end of the

driving section to eliminate the danger caused by the reflected

ultra-high pressure and the interferencewith the downstream

experimental airflow, thus allowing this low-cost driving

method to be used to generate high enthalpy, high-pressure

experimental airflow [29e32].

As shown in Fig. 1(a), the experiment was carried out on

the JF-24 detonation drive platform of the Institute of Me-

chanics of the Chinese Academy of Sciences. The shock tube

component comprises three sections: a driven section, a drive

section, and a detonation section, with lengths of 7.5 m, 13 m

and 2.5 m, respectively. The inner diameters of the driven

section and drive section are both 130 mm, while the deto-

nation section's inner diameter is 260 mm. The experimental

section is a directly-connected combustion chamber with a
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cavity flame stabilization structure, as shown in Fig. 1(b).

When the equipment is running, the hydrogen-oxygen

mixture in the driving section detonates through the dia-

phragm between sections Analysis of results and Analysis of

hypersonic flame structure and pulsation characteristics,

and the air pressure in the third section increases sharply.

Eventually, the diaphragm between sections Experimental

equipment and Analysis of results ruptures; this causes for-

mation of a total experimental airflow with a total tempera-

ture of 3000e6000 K and total pressure of 5e20 MPa.

Before the experimental parameters are determined, it is

necessary to carry out the simulation of the hypersonic inlet

for given flight Mach number and flight altitude, as well as the

design of the experimental parameters of the high enthalpy

detonation-driven wind tunnel platform [33]. Through the

simulation of the inlet, the airflow velocity at the entrance of

the combustion chamber corresponding to the flight Mach

number 10 is Mach 4.3. Then set the parameters of the test

bench so that the test airflow with the same parameters is

generated. After the parameter matching is completed, the

actual measured total pressure and static pressure change

curves of the experimental airflow are shown in Fig. 2. In
Fig. 1 e (a) High enthalpy detonation-driven wind tunnel platfo

Vacuum tank; 2: High Mach number scramjet combustion cham

section. The table shows schematic diagrams of two fuel inject

section and sizes.
addition, the experimental section in this article is a direct-

connected combustor which does not include the inlet.

The total combustion chamber section length is 0.518 m

and the cavity's inner diameter is 0.14 m. In this work, two

injection methods are designed using the same number of

injection holes: wall injection (WI) and cantilevered strut in-

jection (CSI). WI relies on a circle comprising 12 wall injection

holes with inner diameters of 1.0 mm that are evenly

distributed perpendicular to the axial direction. CSI requires

installation of four cantilevered struts with heights of 20 mm,

widths of 10mmand injection holes with an inner diameter of

1 mm at the top of the strut every 90�, rather than the four

original injection holes in the wall. At this stage, there are

eight wall injection holes and the four CSI holes are injected

simultaneously. These two injection schemes were selected

for this work and their specific working conditions are shown

in Table 1.

Optical measurement system

Multiple pressure measurement points are arranged along

each section of the experimental platform. In addition, the
rm and schematic diagram of fuel injection structure. 1:

ber; 3: Driven section; 4: Drive section; 5: Unexploded

ion structures, numbered Case 1, and Case 2. (b) Cavity
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Fig. 2 e The total pressure and static pressure change curve

of the experimental airflow.
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combustion chamber is arranged to have heat flow measure-

ment points along with optical measurement systems,

including multi-view imaging sensors, TDLAS and photode-

tectors. All measurement systems use a digital delay gener-

ator (DG535, SRS) with time resolution of 5 ps to achieve high-

precision simultaneous measurements using the test bench.

In previous studies, TDLAS technology has been used to

measure the temperature, velocity, composition, and other

properties of flow fields [34e36]. In this experiment, three

laser control modules and three distributed feedback lasers

(7185 cm�1, 7444 cm�1, 4030 cm�1), a fiber splitter and a

photodetector constitute an absorption spectrum measure-

ment system [37], which is used to compare the sensor data

and thus assist in determining the effective time of the

experimental gas. The TDLAS system's repetition rate is

10 kHz.

The multi-view imaging system is composed of a 1 � 6

imaging fiber bundle-coupled high-speed camera (FASTCAM

SA-Z), and each angle-of-view has a field of view of 50�. This
system greatly simplifies multi-view imaging and provides

strong assembly adaptability characteristics and cost savings.

This imaging system has been used in optical diagnosis of

swirling combustion flames [38,39] and successfully obtained

multiple views of complex flame structure projections. As

shown in Fig. 3, the six lenses of the imaging system are

divided into two groups; one group of four is distributed

evenly at one end of the cavity and spaced 90� apart, while the

other two are placed horizontally on the cavity wall and form

an angle of 45� with the Y-axis of the coordinate system in

Fig. 1. In Fig. 4(a), the lenses are numbered Lens 1e6. To show

the imaging area more intuitively, the cavity's upstream,

inner, and downstream areas are labeled A, B and C,
Table 1 e Experimental conditions.

Experiment number Case 1 Case 2

Injection method 12 WI 8 WIþ4 CSI

Mach 10 10

Flight altitude 34 km 34 km

Equivalence ratio 1.0 1.0

Injection pressure 6.7 MPa 6.7 MPa

Total temperature 3800 K 3800 K

Total pressure 12 MPa 12 MPa
respectively, in Fig. 4(b) and the corresponding areas are filled

using different patterns. The imaging area of Lenses 1e4 is

mainly within area A and part of area B, the imaging area of

Lens 5 is mainly in area B and part of area A, and the imaging

area of Lens 6 is mainly in area B and part of area C.

In addition, a photodetector with a bandwidth of 11.7 MHz

(DET20C2, Thorlabs) is installed at the combustion chamber

exit to record changes in the light intensity in area C and to

assist in determining the real-time positional information of

the flame.
Analysis of results

The effective experimental time of the scramjet experiment

based on the pulsed detonation shock wave wind tunnel

platform is of the order of onlymilliseconds. In addition, when

the driving gas passes through the bifurcation area formed by

the incident shock wave near the shock tube wall, it will form

early pollution of the test gas [40,41], which means that it is

particularly important to define the effective time of the

experiment. In our experiment, thewater vapor content of the

driving gas after detonation of the hydrogen and oxygen

mixture is higher than that of the experimental gas, and thus

detection of the water content in the gas flow has become a

feasible method to determine whether the incoming flow

meets the demand.

In this experiment, the TDLAS measurement system is

used to detect the water pressure of the airflow quantitatively,

and has measurement uncertainty of less than 3% [42,43].

Fig. 5(a) shows the background emission received by the de-

tector of the TDLAS system in multiple experiments. The first

strong step signal is generated due to the arrival of the shock

wave, which shows that the experiment has good repeat-

ability. As shown in Fig. 5(b), the red line represents the static

pressure curve obtained using the wall pressure sensor (NS-3,

Zemper Automation) when the experimental airflow reaches

zone 2 in Fig. 1 and the black line represents the water pres-

sure curve obtained via TDLAS.

After the driven gas in zone 3 reaches the combustion

chamber at 5 ms, the static pressure of the driven gas flow

obtained via thewall pressure sensor begins to increase before

gradually stabilizing at approximately 10 ms. Simultaneously,

the TDLAS measurement system detected the increase in the

water content rapidly, but the water wasmainly concentrated

near the wall at this time and had little effect on combustion

[44]. When the time approaches 14 ms, the water pressure

curve suddenly rises sharply. This occurs because the driving

gas, which is doped with the hydrogen-oxygen reaction

product of water, reaches the combustion chamber. At this

time, the test gas is no longer the required air, which means

the end of the experiment. Although the pressure data indi-

cated by the red curve maintained a stable time period of

approximately 8 ms after 14 ms, the experimental gas no

longer met the experimental requirements during this period.

The reflected shock wave reaches the measurement point in

the combustion chamber at 23ms, which causes the airflow to

be compressed again, and the water pressure signal shows a

rapid jump. However, the pressure sensor's response is rela-

tively slow and we believe that the pressure sensor's response

https://doi.org/10.1016/j.ijhydene.2021.06.004
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Fig. 3 e Schematic diagram of installation of multi-view imaging system, absorption spectrum measurement system and

light intensity detection equipment.
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frequency is insufficient to display the appearance time of the

pressure platform correctly. In other words, the static pres-

sure should have reached a relatively stable state before

10 ms. In this experiment, we select 8 ms, which shows more

than 50% of the average static pressure, as the starting point

for the effective experimental time.

Traditional flow field display methods such as schlieren

methods have stricter window requirements and make it

difficult to perform this experiment. Instead, we used an op-

tical diagnosis method that combines small holes in the wall

with multi-view high-speed simultaneous imaging. As a flow

display method with high time resolution and a wide sam-

pling range, high-speed photography is highly suitable for

scramjet ground experiments. In this experiment, the fiber

bundlemulti-view simultaneous imagingmethodwas used to

record the radiation grayscale image, including both chem-

iluminescence and particulate high-temperature radiation,

and a more comprehensive millisecond-level flame structure

change image was thus obtained at a sampling rate of

20,000 Hz. Figs. 6 and 7 show the pseudo-color processing

results from multi-view imaging of specific time nodes of

Cases 1 and 2, respectively. The color bar parameters repre-

sent the relative combustion intensities. Smaller numbers

indicate weaker flames, while in contrast, larger numbers

indicate more intense burning. The exposure times for Figs. 6
and 7 are 1/800 ms and 1/160 ms, respectively. For the time

point changes, we used A1eA20 to number the displayed

images and the arrangement of Lens 1e6 is shown in Fig. 4(b).

The detonation drive uses the high-pressure gas produced

by detonating the combustible mixture as the driving gas to

generate the incident shock waves. The incident shock wave

then compresses and heats the gas in the driven section, and

the diaphragm at the end of the driven section finally rup-

tures. The high-pressure gas generates a starting shock wave

under the low-pressure condition at the nozzle. Images

A1eA5 in Fig. 6 show the optical radiation effects that result

from the shock waves caused by rupture of the diaphragm

between zones 2 and 3 when the pressure in zone 3 reaches a

critical value. The shock wave in A1 has just reached the

measurement point positions of Lenses 1e4 and only half of

the viewing angles are illuminated at this instant. These four

viewing angles are fully illuminated in A2 after 0.05 ms.

Because the optical axis of Lens 6 is at 45� to the positive di-

rection of the Y-axis in Fig. 1, it is illuminated first. As the

shock wave continues to move downstream, Lens 5, which

has an optical axis oriented at 45� to the negative direction of

the Y-axis in A3, is also illuminated. In A6 (8 ms), the shock

wave and the high-temperature non-equilibrium gas after the

wave have both passed through completely and the effective

experimental airflow has been established. At this time, the

https://doi.org/10.1016/j.ijhydene.2021.06.004
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Fig. 4 e (a) Positions of each lens for multi-view imaging. (b) Imaging areas of each lens and arrangement of imaging results

on the pixels.

Fig. 5 e (a) The background emission intensity received by the TDLAS system at different tests (b)The red line is the change

curve of the experimental airflow static pressure and the black line is the water pressure in the experimental airflow. The

points marked with the blue lines are, from left to right, the starting point, the end point, and the reflected shock wave

arrival time. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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response intensity of each optical measurement device is

reduced. Images A1eA5 in Fig. 7 also show detection of the

flow field establishment process.

Ignition methods for scramjets mainly include forced

ignition and self-ignition. The self-ignition method involves

direct ignition of the mixture when the total engine inlet

temperature is high and the flying Mach number is high

[45,46]. As described in section Detonation-driven direct-

connected scramjet test facility, because the total
temperature of the driven airflow increases significantly after

the shockwave, the self-ignitionmechanism takes effect after

fuel injection. In this experiment, the two injection methods

achieved self-ignition successfully after fuel injection at 8 ms.

Images A6eA8 in Fig. 6 and A6eA8 in Fig. 7 show that the

flame is first generated in the upstream area of the cavity

(zone A in Fig. 4) before gradually developing into the cavity

(zone B in Fig. 4). Images A11eA15 in both Figs. 6 and 7 show

that when the flame in zone A remains relatively stable,

https://doi.org/10.1016/j.ijhydene.2021.06.004
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Fig. 6 e (Case 1) Multi-view flame images of some of the time nodes during injection of 12 wall holes. Red circles indicate the

flame characteristic structures captured by lens 2 and the gray dashed lines indicate the junction of zone C and zone B in

Fig. 4. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)
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burning with a weaker radiation intensity also occurs in zone

B. The difference between the two sets of experiments is that

Case 1 produced a flame with a more obvious flocculent

characteristic, as indicated by the red circle in Fig. 6, while

Case 2 produced an approximately columnar flame, as indi-

cated by the red circle in Fig. 7.

It is not difficult to determine that a specific experimental

phenomenon is involved here, because Lenses 1, 2, 3, and 4, as

shown in Fig. 4, are uniformly installed 90� apart around the

circumference of the section. Because the distributions of the

injection holes and the cantilevered struts are uniform and

the injection pressure remains the same, the collected images

should theoretically have a high degree of symmetry. How-

ever, as shown in images A7eA16 in Fig. 6 and A7eA20 in

Fig. 7, only Lens 2 has captured the complete flame structure,

while Lenses 1, 3 and 4 did not capture the characteristic flame
shapementioned above. This shows that the flame adheres to

the lower wall at the junction between zones A and B in

Fig. 4(b) for a long time, and this zone lies in the blind zones of

Lenses 1, 3 and 4. The cause of this phenomenon requires in-

depth study. We believe that one possible cause may be that a

small amount of particulate matter that has been deposited

on the lower wall of the pipe after multiple experiments rea-

ches higher temperatures after being heated, which may then

promote burning. Because of particulate matter deposition,

the window in which Lens 4 is installed is also partially

covered and its image is incomplete, as Fig. 6 shows.

The intensity of the camera's response is directly related to

the radiance. However, chemiluminescence and particle

luminescence are hardly to tell apart completely during flame

imaging which are well used in scramjet ground tests. Fortu-

nately, these two radiationmechanisms both reflect the high-
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Fig. 7 e (Case 2) Multi-view flame images of some of the time nodes during injection of eight wall holes and four

cantilevered strut holes. Red circles indicate the flame characteristic structures captured by Lens 2 and gray dashed lines

indicate the junction of zone C and zone B in Fig. 4. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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temperature caused by the chemical reaction in the high-

speed turbulent flow. Therefore, we believe that the gray

value obtained from radiation imaging in current study is

suitable for use in judging both the flame structure and the

combustion oscillation. In the future, wewill further study the

radiation spectrum which can proved more information

especially in quantitative cases [39]. Although quantitative

data are not currently available, the time changes in relative

intensity are still very useful in combustion analysis. The

normalized intensity changes curves for the flame radiation

intensity inside the cavity (zone B in Fig. 4(b)) and upstream of

the cavity (zoneA in Fig. 4(b)) from the two sets of experiments

for Case 1 and Case 2 obtained using the multi-view imaging

system are shown in Fig. 8.

In Fig. 8, the blue dotted line and the red solid line repre-

sent the normalized radiation intensities inside the cavity
(zone B in Fig. 4) and upstream of the cavity (zone A in Fig. 4),

respectively. The two sets of red and blue curve comparison

diagrams roughly illustrate the development processes of the

shock wave as it passes through and the flame in the com-

bustion chamber from ignition to extinction in the experi-

ments, respectively. At approximately 6 ms, the radiation

intensity curves for the two sets of experiments in Fig. 8 all

showed a large rise and fall related to the passage of the shock

waves and establishment of the flow fields. In the subsequent

period from 8 ms to 13 ms, the total temperature and total

pressure of the incoming flow were both high, which resulted

in a violent and high Mach number flame. Although the fuel

injectionmethod is different, combustion occurs in the cavity,

which shows that the cavity structure in the circular-cross-

section scramjet combustion chamber plays a significant

role in stabilizing the flame and promoting combustion.

https://doi.org/10.1016/j.ijhydene.2021.06.004
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Fig. 8 e (a) (b) are flame combustion intensity change curves of Case 1 and Case 2,respectively. The solid red line represents

the inside of the cavity front edge (A zone) and the blue dotted line represents the interior of the cavity (B zone). (For

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9(a) and (b) show the normalized light intensity

response curves from the two measurement points in Case 1

and Case 2, respectively. The red and blue lines represent the

light intensity signals from the light intensity detector and

TDLAS, respectively. As indicated by the blue dotted line, the

responses of these two sets of equipment are not synchro-

nized. This is because the measurement point of the light

intensity detector is located approximately 1.0 m downstream

from that of the TDLAS system along the airflow direction,

causing the response take-off points to lag behind by

approximately 0.8ms. As the radiation intensity curve in Fig. 8

shows, the experimental flame began to extinguish at

13e18 ms and the radiation intensity dropped sharply. How-

ever, as shown in Fig. 9(a), the signal intensity curve of the
Fig. 9 e In (a) Case 1 and (b) Case 2, the red and black curves

show the light intensity response changes of the light

intensity detectors and TDLAS, respectively. (For

interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this

article.)
light intensity detector downstream of the cavity in Case 1 has

a gentle slope. In addition, the slope of the signal drop curve

for the light intensity detector in Case 2 shown in Fig. 9(b) is

basically the same as that inside and upstream of the cavity.

In scramjet design and research, the sufficient and

concentrated combustion state in the combustion chamber is

an important factor for evaluation of the superiority of the

proposed fuel injection structure. The areas marked using the

small gray rectangles in images A16eA17 in Figs. 6 and 7 form

part of the downstream area of the cavity, as captured using

Lens 5 (zone C in Fig. 4). There is no obvious dividing line in

this area in images A16eA20 in Fig. 6. It can also be seen that

flames appeared downstream of the cavity. In Fig. 7, a clear

dividing line in this area is shown in images A16 to A20, the

radiation intensity in the cavity is higher than that down-

stream of the cavity, and the downstream area of the cavity

becomes darker over time. Therefore, the flame was not

completely extinguished after 13 ms in Case 1, but subse-

quently moved downstream into the cavity. The presence of

the cantilevered struts in Case 2 leads to a low-speed zone and

the flame generated by injection from the cantilevered struts

forms a pilot flame, which then causes the fuel to burn more

fully in the cavity. Pandey et al. also found that the combi-

nation of a support plate and wall injection helps to improve

mixing of the fuel and the air to enhance combustion [46e48].

From the pressure data along the test bench obtained from the

experiment, we also found that the existence of cantilevered

struts helps to enhance the pressure rise in the combustion

chamber, indicating a higher heat release rate in the com-

bustion chamber. Therefore, it is determined that, under the

same injection pressure, flow rate and equivalence ratio

conditions, addition of part of the cantilevered strut injection

structure can cause the fuel to burn fully and intensely.
Analysis of hypersonic flame structure and
pulsation characteristics

Unsteady supersonic combustion processes generally exist in

scramjet combustors. Separation of the supersonic boundary

layer is often accompanied by low-frequency oscillations. In

https://doi.org/10.1016/j.ijhydene.2021.06.004
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some cases, this flow instability will become the dominant

supersonic combustion instability mechanism. Effective con-

trol of unsteady supersonic combustion is an important

measure for practical scramjet use [49,50]. In addition to

obtaining the structural characteristics of the flame, multi-

view imaging can also be used to analyze the flame pulsa-

tion frequency characteristics with the added advantage of

high-frequency measurement.

The combustion instability is caused by interactions

among the heat release rate fluctuations, acoustic oscillations,

and flow and mixing process fluctuations. The interior of the

engine's combustion chamber can be regarded as a self-

excited oscillation system. The heat generated by combus-

tion provides energy for the system, which leads to a contin-

uous oscillation process. It is generally believed that

downstream disturbances in supersonic airflow cannot

propagate to the upstream area, but there are in fact subsonic

regions inside scramjets, including the boundary layer, the

main recirculation zone, and the angular recirculation zone.

Therefore, there may be closed-loop feedback between the

soundwaves and the heat released inside the scramjet. Use of

the cavity on the wall reduces the total pressure loss of the

incoming flow significantly, but different incoming Mach

numbers and the cavity aspect ratio also cause different de-

grees of self-excited oscillation in the cavity [51,52]. Ma et al.

pointed out that combustion oscillations occur in the dual-

mode scramjet. The oscillation frequency ranges were

100e160 Hz for liquid JP-7 fuel and 300e360 Hz for gaseous

ethylene fuel [53]. Micka et al. studied the combustion stabi-

lization characteristics in the combustor of a dual-mode

scramjet with a cavity and found that the flame front oscil-

lated between the jet wake area and the cavity [54,55]. Li et al.

performed experimental research on the combustion oscilla-

tion phenomenon in the combustor of a dual-mode scramjet

using high-speed schlieren imaging, CH* self-luminescence

imaging and TDLAS. Their results showed that the flame

oscillated greatly between the upstream cavity and the

downstream cavity with an oscillation frequency of approxi-

mately 50 Hz [56].

Lumley introduced proper orthogonal decomposition

(POD) into the turbulence research field, thus providing re-

searchers with an effective mathematical analysis method

and concept [57]. Dynamic flame images can also be used to

analyze the dynamic characteristics and pulsation mecha-

nisms through statistical data mining techniques. POD anal-

ysis is an unsupervised cluster analysis method that converts

the original image into modal data, classifies the flame pul-

sation situation, and subsequently obtains the pulsation mo-

dalities and the related time series of the image data [58e60].

To enable further analysis of the spatial pulsation character-

istics of the coupling between high Mach number flames and

high-speed flows, we perform POD analysis on high-speed

photography images. The basic idea of POD is to assume

that the continuously changing flame images can be linearly

superimposed using multiple orthogonal modalities.

Aðx; tÞ¼
XM

i¼0

aiðtÞfiðxÞ (1)

whereX represents the spatial coordinate (pixels), t represents
the time coordinate, ai represents the time coefficient of the

mode, fi represents the spatial distribution characteristics of

the mode and M represents the number of modes. As dis-

cussed in section Analysis of results, because of particle

coverage and combustion asymmetry, only some of the lenses

collected relatively complete flame images; we therefore only

use the images collected by Lens 2 to observe the flame

pulsation.

An image containing W pixels in each row and L pixels in

each column can form a pixelmatrix ofm¼ L£W. Therefore, n

images can be expressed as them£n-dimensional datamatrix

AA, which can be decomposed into the product of three

matrices via singular value decomposition (SVD):

Am�n ¼Um�mSm�nV
T
n�n (2)

In Eq. (2), U represents the spatial distribution of the

different modes, S represents the pulsation energy of the

different modes, and V represents the time distribution of the

different modes. To solve for the three matrices of U, S and V,

we use snapshots [61] to transform Eq. (2) as follows:

ATA¼VS2VT (3)

We thenmultiply the right of Eq. (3) by V and substitute S ¼
ffiffiffi
l

p
to obtain:

ATAV¼VS2 ¼ Vl (4)

At this time, V and S can be obtained by solving for the

eigenvectors and eigenvalues of ATA, and then solving for U

using U � S ¼ A � V. The i-th column of matrix U is the spatial

distribution of mode i. The i-th column of matrix V multiplied

by the i-th value of matrix S gives the time coefficient ai of

mode i. If the eigenvalues l are sorted from large to small, the

modal pulsation energy at the top of the sequence is large and

at the same time is dominant in the flame pulsation behavior,

indicating that attention should be devoted to it in the

analysis.

Fig. 10(a) shows the changes in t for the 0th mode and the

first four modes during wall injection. The figure shows that

the t values of the 0th mode are all negative, which means

there is no difference in the spatial distribution for the overall

change in the flame heat release rate. Although the time co-

efficients of the other fourth-order modes all show positive

and negative alternation phenomena, they can be regarded as

labels or weights assigned to the instantaneous original

snapshots.

Fig. 10(b) shows the energy proportion for the tenth-order

mode with the energy ranking at the top. As the order num-

ber increases, the modal energy decreases gradually, but the

proportion of the first four modes reaches nearly 65%.

Therefore, the next step must be to analyze the first four

modes. In the same modal diagram, yellow and blue both

represent areas with strong pulsation; the yellow areas

represent areas where the burning becomes violent and the

blue areas represent areas where the burning is weakening at

the same time. In addition, the pulsation amplitudes of areas

between yellow and blue areas are weaker. POD is a cluster

analysis method and the extracted modal information cannot

express a specific meaning by itself; the information must

thus be analyzed in combination with knowledge and

https://doi.org/10.1016/j.ijhydene.2021.06.004
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Fig. 10 e (a) t variation curves of the 0th mode and the first four modes in Case 1. (b) Energy ratio of the first ten modes (c)

Pulsation of the first four modes.
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experience of the flow and combustion fields. The strong

pulsation area of mode 1 appears alternately on the two sides

that deviate from the axis (in the coordinate system fromFig. 1

in the X-axis direction), which indicates that the oscillation

situation that deviates from the axis is themain form of flame

pulsation. This is probably related to the pressure rise caused

by heat release in the combustion chamber, which caused a

large boundary layer separation in the supersonic flow. Modes

2e4 show multiple strong pulsation areas that are related to

wall injection of the fuel, thus indicating that the scattered

flocculent flame structure is the main feature of the wall in-

jection mode.

Fig. 11 shows the change curve for the time coefficient in

Case 2 and the pulsation energy proportions of the first ten

orders. Fig. 11 shows that the 0th-order mode still shows no

spatial differences and that the top four modes among the top
ten modes when ranked from high to low account for nearly

55% of the pulsation energy, and thus we still mainly analyze

the first four modes. Mode 1 is very similar to the corre-

sponding mode in Fig. 10(c). Two strong pulsation zones are

distributed on both sides of the axis and the flame has a main

pulsation that deviates from the axis. However, the cantilev-

ered struts make the two strong pulsation zones more

compact; this also confirms the columnar flame structure

shown in Fig. 7. Modes 2e4 showed completely different

characteristics from the wall injection modes, manifesting as

an axial (y-axis in Fig. 1) oscillation mode. Therefore, the

presence of the cantilevered struts has a major influence on

the flame oscillation characteristics.

Many studies have confirmed the existence of low-

frequency combustion oscillations caused by the strong in-

teractions among the jet, the cavity flame stabilization zone,

https://doi.org/10.1016/j.ijhydene.2021.06.004
https://doi.org/10.1016/j.ijhydene.2021.06.004


Fig. 11 e (a) t variation curve of the 0th mode and the first four modes in Case 2. (b) Energy proportions of the tenmodes with

the highest energy rankings. (c) Pulsation of the first four modes.
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the mainstream combustion zone, and the pre-combustion

shock train in scramjet engines [62e65]. In previous studies,

methods such as Fourier transforms were commonly used as

effective frequency analysis methods, but conventional

Fourier transform methods cannot describe these frequency

components at any time and cannot analyze them fully. The

time-frequency joint analysis method represented by wavelet

transforms can transform a one-dimensional time-domain

signal into a two-dimensional time-frequency plane. This

provides a multi-scale signal refinement to produce a multi-

resolution analysis method that uses time subdivision at

high frequencies and frequency subdivision at low fre-

quencies. Wickersham et al. applied the wavelet analysis

method to the flame holder experimental platform [66] and

confirmed the feasibility of using wavelet analysis to extract
flow and combustion characteristics. In this article, we

attempt to select the average mode from the mode informa-

tion extracted using the POD method for wavelet analysis.

The 0th-order mode is also called the average mode and is

the average of all images. Wavelet analysis of the time coef-

ficient variation curve of the 0th-order mode obtained via the

POD analysis above can obtain the corresponding time-

frequency analysis graph, as shown in Fig. 12, where the Pw

(power spectrum) of the ordinate represents the wavelet

power. As shown in Fig. 12, Cases 1 and 2 have full-time main

frequency combustion oscillation ranges of 270e450 Hz and

280e550 Hz, respectively. The two injection methods have

relatively close ranges in their main oscillation frequencies

and thus the high Mach number combustion flame oscillation

behavior of this type of circular cross-section combustor pulse

https://doi.org/10.1016/j.ijhydene.2021.06.004
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Fig. 12 e Time-frequency analysis diagrams of (a) Case 1 and (b) Case 2 based on the average mode.
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test bench should be affectedmore strongly by flow instability

when simulating flight Mach number 10. The combustion

instability caused by the different fuel and air mixing levels

that result from different injection methods is thus not the

dominant factor in combustion oscillation.

Fleifil et al. found that the combustion process is limited by

high-frequency disturbances, but it has a strong influence on

low-frequency disturbances [67]. Fig. 12 shows that both Cases

1 and 2 have wide-ranging high-frequency oscillations in the

2e5 ms period, but the amplitudes of these oscillations are

relatively small and their impact on the engine performance is

also limited. Therefore, it will be necessary to improve the test

bench running time to analyze the lower frequency combus-

tion pulsations, and more attention must be paid to the low

frequency interference problem in engine design.

Conclusion

Without using large-sized opticalwindows, a preliminary study

of the internal flow field for a flying Mach 10 in the circular

scramjet combustorwas performedusing opticalmeasurement

methods including TDLAS, emission intensity monitoring and

high-speed multi-view imaging using a fiber bundle.

(1) In the hypersonic ground experiments, the effective

experimental time is precious and is difficult to evaluate

accurately using pressure sensors. Dynamicmonitoring

of the water concentration produced by hydrogen/oxy-

gen detonation using TDLAS technology allows the

effective experimental time to be determined to be

5 ms, which is 8 ms less than the value obtained via the

pressure sensors.

(2) Multi-view imaging technology provides an intuitive

demonstration of the process fromflame self-ignition to

violent combustion and extinction within milliseconds.

The flame structures showed flocculent and columnar

characteristics for the two different injection methods

and the presence of the cantilevered struts played a role

in supporting combustion.

(3) On the basis of high-frequency flame image acquisition

and through application of POD, it is found that the
flames under the different working conditions show

high-frequency oscillations at the beginning of ignition

and full-time main frequency combustion oscillations.
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