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Abstract: Fuel injection and mixing affect the characteristics of detonation initiation and propagation,
as well as the propulsion performance of rotating detonation engine (RDE). A study on the injector
is carried out in the present investigation. A rectangular-shaped hole-type fuel injector (RHFI) and
slit-type fuel injector (SFI) were designed and compared experimentally at equivalent conditions. The
investigation of the detonation propagation modes and the analysis of propulsion performance were
carried out using fast Fourier transform (FFT), short-time Fourier transform (STFT), and unwrapped
image post-processing. Under 50, 75, and 100 g/s flow rate conditions at an equivalence ratio of
1.0 £ 0.05, the RHFI has relatively stable detonation propagation characteristics, higher thrust, and
specific impulse performance. Additionally, the results of the experiment indicate that the number of
detonation waves affects performance.

Keywords: rotating detonation engine (RDE); fuel injector configuration; detonation propagation
characteristics; propulsion performance

1. Introduction

A detonation is a shock wave sustained by the energy released by combustion [1].
The detonation offers the theoretical advantages of pressure gain combustion (PGC). The
detonation propulsion system ideally has higher thermal efficiency rather than a Brayton
cycle [2-4]. Therefore, based on this advantage, detonation propulsion research has been
conducted over the past decades [5-8]. The PDE (pulsed detonation engine) and RDE
(rotating detonation engine) have representatively been proposed as propulsion engines
that use detonation. The PDE obtains thrust by generating a detonation wave using DDT
(deflagration to detonation transition) in a tube closed at one end. However, it requires
periodic operation to perform propellant charging, ignition, and purge sequence. On the
other hand, once RDE generates the detonation wave, it propagates circumferentially at a
speed of several thousand m/s. It has the advantage of having a simple operating process
rather than PDE. Therefore, active research has been conducted on RDE over the past
decade. In recent years, practical research and benefits have been reported [9-12]

Research is being conducted to implement PGC, which is realized via detonative com-
bustion. Wu et al. [13] carried out thermodynamic cycle analyses and found that detonative
combustion is not completely identical to the Humphrey cycle, but it generally has similar
characteristics to the Humphrey cycle. Nordeen et al. [14] studied the thermodynamics of
the RDE using numerical calculations. The resulting total entropy production is less than
that produced by the Brayton cycle. Zhang et al. [15] conducted a numerical study and
reported that detonation waves that rotate along the RDE channel led to pressure gain and,
as a result, a 30% increase in pressure compared to injection pressure. To achieve substan-
tial pressure gain, satisfying four idealized operational processes is required [16]: (1) the
supply of pre-mixed propellants, (2) delivering propellants to the combustion chamber
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without pressure loss, (3) combustion via Chapman-Jouguet (CJ) detonation without defla-
gration, and (4) no back-pressure effects on the injector due to high-pressure detonation
waves. Therefore, approaching or achieving these conditions is essential for substantial
efficiency improvement.

Among the four primary design elements affecting RDE performance and charac-
teristics, the injector influences fuel atomization, mixing, combustion efficiency, and the
occurrence of deflagration. Thus, the injector plays a crucial role in reaching idealized
processes. Liu et al. [17] conducted a numerical study and confirmed that PGC is achieved
when the effective injection area ratio of premixed propellant injectors is 0.55 or higher.
Goto et al. [18] performed experimental research using two different fuel injectors of vary-
ing sizes and observed differences in detonation velocity based on the injector diameter.
Plaehn et al. [19] carried out experimental research on the influence of the injector location
on the RDE length direction, and the results indicated that when it is located more than
5 mm away from the RDE head, a transition to deflagration occurred. Matsuoka et al. [20]
conducted an experimental study with a geometric blockage ratio and suggested that the
RDE operation is limited in the region of the lower geometric blockage ratio. Specific
studies on RDE with respect to injector shapes were carried out by Bennewitz et al. [21],
Rankin et al. [22], Duvall et al. [23], and Bohon et al. [24].

Research has been carried out on the complex influences of various design elements
and experimental conditions on the detonation propagation mode. Zhao et al. [25] carried
out numerical research on the propagation of multiple detonative waves. The combustor
fueled by pre-mixed hydrogen/air mixtures is numerically investigated with detailed
chemical mechanisms. The confirmation of new wave was obtained due to mutual rein-
forcement between traveling shock and deflagrative front. Wang et al. [26] also performed
a numerical study to optimize the combustion and ignition mechanism via ozone addi-
tion. It was confirmed that increasing the ozone results in a switch from the single-wave
mode to the multi-wave mode, providing a stable combustion interface. Bigler et al. [27]
conducted experimental studies on chamber pressure and global performance changes
related to mode transitions. It has been confirmed that under similar flow conditions,
both dual-wave and triple-wave modes occur. When transitioning from the dual-wave
to triple-wave mode, the detonation wave velocity decreases by 12%, chamber pressure
decreases by 2.2%, and both thrust and specific impulse increase by 5.3%. Lin et al. [28]
conducted experimental research on the RDE propagation mode. In the same experimental
condition, it was observed that the dual-wave phase exhibits a lower detonation pressure
peak compared to the single-wave phase. Additionally, in the counter-rotating mode, it
was found to have a larger detonation velocity deficit compared to the single-wave mode.
In addition, Jia et al. [29], Ding et al. [30], and Bluemner et al. [31] conducted a detonation
propagation mode study.

Previous research [32] has concluded that the deficiency in the fuel-mixing perfor-
mance of the slit-type fuel injector leads to detonation velocity deficits. Therefore, in this
study, an experiment was conducted to improve fuel-mixing performance using different
fuel injectors with aerospike nozzle as shown in Figure 1. The performance of RDE and
the characteristics of detonation propagation were compared based on the respective fuel
injector configurations.

Figure 1. RDE experimental model and combustion test.
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2. Experiment Description
2.1. RDE Model

Figure 2 represents a schematic diagram of the RDE used in this study. The material
of the RDE experimental model was SUS316, and gaseous ethylene (GC,Hy) and gaseous
oxygen (GO,) were used as the fuel and oxidizer, respectively. The combustion channel
has a width of 4.5 mm and a length of 75 mm. The oxidizer was injected from a 0.5 mm: slit
injector towards the RDE exit direction, while fuel was radially injected into the combustion
channel and the vertical direction relative to oxidizer injection for mixing. A conical
aerospike of 30.0° was installed at the RDE exit for the optional expansion of burnt gas.
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Figure 2. RDE experimental model schematics.

A pre-detonator (PDT) was used as the initiator of the RDE. It was designed with an
inner diameter of 4.22 mm and a length of 110 mm. The PDT length was sufficient for DDT
with a 4.22 mm inner diameter based on previous research results [33]. To generate a single
detonation wave, the PDT was installed tangentially to the RDE combustion channel [34].
The PDT also used the same propellant as RDE and caused ignitions via a spark plug with
a spark coil.

In this study, RDE experimental research was conducted with fuel injectors of different
shapes. The reason for this is that previous research results [22] noted that slit-type fuel
injector (SFI) have low mixing performance, leading to a low detonation velocity compared
to CJ detonation velocity. Therefore, research was conducted on the fuel injector to improve
fuel-mixing performance. The previous study used an SFI with a slit-type oxidizer injector.
Figure 3 shows a schematic of the fuel injection structure used in the previous study and
the current study. Gaseous oxygen supersonically flows into the combustion channel
through a diverging nozzle. Gaseous ethylene e is injected into the combustion channel
in the direction perpendicular to the oxygen flow. This propellant-mixing structure is
very similar to a transverse jet in supersonic crossflow, exhibiting a scramjet fuel injection
structure [35-37]. Focusing on this point, the fuel injector of the RDE was made by referring
to the research results on scramjet fuel injection. Kim et al. [38] conducted an experimental
study on the aspect ratio of the fuel injector relative to the scramjet. The result implies that
a very long streamwise slit is desirable for combustion efficiency. Therefore, to improve
propellant-mixing performances, devising a longer streamwise fuel injector than the SFI
is needed.

Figure 4 depicts each injector’s three-dimensional fuel injection schematic. The
rectangular-shaped hole-type fuel injector (RHFI) was designed to be longer than SFI
by more than 3 times along the combustion channel direction. RHFI consists of 47 holes,
with each being 1 mm? in size. To obtain the same injection area of 47 mm?, the gap of
SFI was set to 0.3 mm, and the gap was made using shim washers. The dimensions of the
injectors are summarized in Table 1, and the injector used on the RDE is shown in Figure 5.
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Figure 3. Two-dimensional schematic of fuel injection structure.
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Figure 4. Three-dimensional fuel injection structure schematics: (a) flow schematics of the SFI and
(b) flow schematics of the RHFI.

Table 1. Specs of each fuel injector type.

Injector Material Depth (mm)  Width (mm) Nholes Area (mm?)
Slit SUS316 0.3 - - 471
Hole C1020 1.0 1.0 47 47.0

Figure 5. Injector of the RDE experimental model: (a) SFI, 0.3 mm in width; (b) RHFI consisting of
47 holes with a square shape of 1.0 mm?.
2.2. Experimental Apparatus

Figure 6 depicts the piping and instrumentation diagram (P&ID) of the gaseous
propellant supply equipment used in this study. Propellant is provided by the 40 L cylinders,
and downstream pressure is regulated via a dome regulator (Swagelok Inc., RDHN series).
A flowmeter (Enbak Inc., FM153B, <0.2% FS accuracy) is installed after the dome regulator,
and propellant feed and cutoff are controlled using pneumatic valves (TAVT Inc., TA05
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series). A kHz pressure transmitter (WIKA Corp., S-20 series) was used for checking each
gaseous supply line status and measuring the RDE plenum pressure. Propellant feed /cutoff
control and status measurements were performed using a controller (National Instrument
Inc., Austin, TX, USA, cRIO-9045) with C modules (National Instrument Inc., NI 9205,
NI9212, etc.), and they were monitored using LabVIEW FPGA 19.0.1 (Laboratory Virtual
Instrument Engineering Workbench Field Programmable Gate Array) software.

Main Legend
Oxygen line Q @
N Check
GO, valve
Main ‘ Solenoid
Ethylene line [ valve
GCoH, Mass flow
meter

IQ] Dome
regulator
Spring
regulator

Pneumatic
valve

Gas
cylinder

Figure 6. P&ID of the Pusan National University gas supply system.

Purge
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GN,

Figure 7 depicts a schematic of the RDE measurement configuration. An MHz pressure
transducer (PCB Piezotronics Inc., Depew, NY, USA, 113B24) was located at 3 mm from
the RDE combustion channel head and installed with a recessed structure on the RDE.
Moreover, to provide protection from the thermal load, silicon grease was used (SYNCO
Corp., Bohemia, NY, USA, Super Lube). A MHz pressure transducer was used with a
signal conditioner (PCB Piezotronics Inc., 482C05) to adjust the current source. Due to the
high sampling rate required for the MHz pressure transducer, data were acquired using an
oscilloscope (Yokogawa Inc., DL850E). To measure the wall pressure of the RDE channel, a
pressure scanner (Scanivalve Inc., Liberty Lake, WA, USA, DSA3217, 16 ports) was used,
and the capillary tube average pressure technique was applied [39]. The first channel
of the pressure scanner is located 3 mm from the RDE combustion channel head, and it
scans up to 61 mm at 10 mm intervals. A high-speed camera (Phantom Inc., San Francisco,
CA, USA, v2512) is located at the exit of the RDE for capturing the detonation wave. The
camera was set to a resolution of 256 x 256 pixels and a frame rate of 200,000 frames per
second (fps). All these instruments were synchronized with a controller using a 1 MHz TTL
(transistor—transistor logic) signal.

MHz pressure transducer
”/// L 770270:2702702702 4.

@

Don ttpr 00 s s p 00 00 ///

I
Pressure scanner

Loadcell

Figure 7. Schematic of the RDE measurement configuration.
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2.3. Mass Flow Rate and Loadcell Calibration

Before the combustion experiments, the mass flow rates of each injector were measured.
The theoretical mass flow rate was calculated using Equation (1). Here, A;;; is the total
area of the injector; Py, is the plenum pressure of each gas; T is the temperature, and a
room temperature of 298 K is used; v is the specific heat ratio; R is the ideal gas constant.
Experimental values were obtained using a mass flow meter. The C; flow coefficient was
calculated by dividing the experimental mass flow rate and the theoretical mass flow rate,
and it is shown in Equation (2). The flow coefficient of each injector is presented in Figure 8.
The results of both fuel injectors have similar flow coefficients.

. . Ainjpple Y 2 (r+1)/(r=1) 1
M theory = \/T R r+1 @
m;
¢ = e @
M theory

Figure 9 is the loadcell calibration result. Loadcell (CAS Corp., Columbus, OH, USA,
SBA-25L) calibration was carried out using weights before the combustion experiment.
Calibration was performed based on the output voltage from the loadcell amplifier (CAS
Corp. WTM-500) and the weight value. The results of loadcell calibration are as follows:

Cload 15 98.56 N/V + 1.55. In the combustion experiment, the operation frequency of the
loadcell amplifier was 1600 Hz.

100
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S0 L lomross 5 |
P . oxy N
= 60} s
@)
= | s
;é- “T v’/
2 | .
g 20 /tﬁ,&*/
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Ideal mass flow rate (g/s)

Figure 8. Results of the experimental mass flow rate based on ideal values.
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Figure 9. Calibration results of a loadcell.
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2.4. Experimental Sequence

Figure 10 represents the experimental sequence, Figure 10a depicts the signal of each
component, and Figure 10b shows the pressure history. The details of the experiment are
as follows: (1) I pneumatic valve for RDE propellant supply and the solenoid valve for
PDT propellant supply were opened. Due to the rapid response time and short delay of the
PDT solenoid valve, a rapid pressure increase was observed. Conversely, the pressure of
the RDE plenum has a delayed increase of 0.1 s. This delay is due to the approximately
0.025 s response time of the pneumatic valve and the 0.075 s delay caused by the distance
between the pneumatic valve and the RDE. (2) Once plenum pressure stabilizes, (3) PDT
ignites 0.4 s after the commencement of the experiment, and plenum pressure increases
due to combustion. The propellant is fed into the RDE from 0.4 s to 0.8 s. Even after 0.8 s,
the pressure history in Figure 10b is maintained. This is due to the distance between the
RDE propellant valves and the RDE. (4) Subsequently, for purging, the pneumatic valve of
the nitrogen supply meter is opened, and nitrogen purging is performed after a delay of
0.3 s. Likewise, this delay is due to the distance between the purge gas valve and the RDE.

PDT propellal?t viv

_ Open : Operation ; 0.8
1 A Lo o e | @
Safetyviv ! a [ | | i
I [—,]: E 0.6 - i i rgag)'gen Plenum

_____ vy ] : ¥ \

=

Ignition (PDTID

04r

Pressure (MPa)

ey
T
1
1
'
'
|
1
1
'
'
'
'
'
Il
1
'
'
'
|

RDE Channel

Signal coordinate

RDE propcllar:lt viv

o

Purge gas v/v
L

0 0.5 1 v 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)
(a) (b)

Figure 10. Experimental sequence of the RDE hot flow test: (a) time sequence of each valve and
ignition; (b) pressure history along the sequence.

3. Results and Discussion

The experiments were conducted under three different flow conditions: total mass
flow rate of approximately 50, 75, and 100 g/s at an equivalence ratio of 1.0 £ 0.05. Each
condition and the results are summarized in Table 2. Both fuel injectors had an increase in
thrust, specific impulse, and detonation velocity as the mass flow rate increased. Unlike
RHFI, the detonation number, Npy, is changed from 75 g/s to 100 g/s. These results are
the same as the findings from a previous research study carried out by Bykovskii et al. [40].

Table 2. Experiment condition and results.

Case Injector m (g/s) 0] T (N) Isp (s) Npw fow (kHz)
1 SFI 48.82 1.01 46.46 97.01 2 17.848
2 RHFI 50.80 1.01 59.33 119.05 3 24.369
3 SFI 77.04 0.98 98.67 130.56 2 17.903
4 RHFI 74.78 0.98 108.88 148.42 3 24.555
5 SFI 98.57 1.00 197.78 204.54 3 22.073
6 RHFI 97.62 1.03 201.42 210.33 3 25.592
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However, under specific experimental conditions, unstable behavior, including changes
in the rotation direction of the detonation waves, was observed via short-time Fourier
transform (STFT) and unwrapped images.

3.1. Thurst Performance

Figure 11 is the thrust history of cases 3 and 4. Ty, in the plots denotes raw thrust
data from the load cell amplifier. Tiperval is the average value of 50 data on either side of
the time point. the ignition time of PDT is 0.4 s, and thrust increases rapidly, followed
by a period of significant oscillations lasting approximately 0.2 s. Subsequently, thrust is
relatively stabilized after 0.2 s from ignition, and the same is observed at 0.6 s. Therefore,
the thrust mean, Ty, is calculated using data between 0.6 s and 0.8 s.

200 r
B - interval interval
B 150
i Z | Ty,=10888
[ Ty, =98.67 e Auk e
{ QH“W‘MW\ X 100 |
¢ i é 00
Avg. range =
B 50 l
| 1t
L 1 L L L L L L L L 0 ! 1 L 1 L L L L L L L
0 0.2 0.4 0.6 0.8 1 0 0.2 0. 0.6 0.8 1
Time (s) Time (s)

(a) (b)

Figure 11. Thrust results of about 75.0 g/s test condition: (a) case 3, SFI; (b) case 4, RHFIL

In all experimental conditions shown in Table 2, as the mass flow rate increases, the
thrust and specific impulse increase, and these results are the same as reported in other
research [41,42]. The experiments were carried out at a higher mass flow rate with SFI,
except for cases 1 and 2, which were carried out in approximately 50 g/s mass flow rate
conditions. Comparing case 3 and case 4, the thrust of the latter case is higher than the
former. The Tayg of case 4 is 108.88 N at a mass flow rate of 74.78 g/s, and case 4 is 98.67 at
a relatively higher value of 77.04 g/s. The specific impulse in case 4 using RHFI is 119.05 s,
which is higher than that of SFI at 98.67 s. This result shows that RHFI exhibits higher
performances than SFI, and it can have the same consequences in other experiments. Also,
thrust variation was computed via Tray data. For case 3, the one-sigma value was 3.90 N,
whereas for case 4, it was 2.92 N. This result shows that RHFI has a smaller variation
in thrust compared to SFI, indicating that RHFI is more stable than SFI at mass flow
rate conditions.

3.2. Detonation Propagation Modes

Figure 12a,b show the black-and-white inverted images of the exit of the RDE captured
using the high-speed camera. IThe leftmost image was captured at 0.6 s and arranged
at 5 s intervals. In Figure 12a, two detonation waves propagate in a counterclockwise
manner. Figure 12c represents the pressure history of the MHz pressure transducer for
case 3, with two detonation waves rotating at approximately 56 ps intervals. In contrast to
the results for case 3, Figure 12b displays three detonation waves propagating clockwise,
with about 40 ps intervals between them. Comparing the graphs in Figure 12¢,d, the
former indicates higher pressure values. This is because more propellant can be burned per
detonation wave in the dual-wave mode at the same mass flow rate. However, pressure
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Pressure (MPa)

peak variations in the pressure data are larger for case 3 compared to case 4, and the
pressure profiles in each cycle appear to be less consistent. Consequently, this suggests
relative instability, but further analyses over a wider time range are required.

2 wave

CCW

Pressure (MPa)

M T |

0.6 0.7 08 . :
Time (s) Time (s)
(0 (d)

Figure 12. Narrow range mode analysis, propagation direction, the number of detonation waves
captured via high-speed camera snapshots, and the pressure history of the MHz pressure transducer:
(a) two waves of case 3 with the slit-type fuel injector; (b) three waves of case 4 with the hole-type
fuel injector; (c) pressure history of case 3 with the slit-type fuel injector; (d) pressure history of case 4
with the hole-type fuel injector.

Figure 13 depicts images from the high-speed camera aligned along the 0 direction
for the coordination of the leftmost image in Figure 12a [43]. A total of 300 images were
stacked along the x-axis, allowing for the observation of the detonation propagation mode
over 1.5 milliseconds. The black line is the path of detonation waves in the RDE. The
rotating direction and number of waves can be identified clearly. Furthermore, Figure 13
provides consequences for detonation propagation characteristics at all experimental times
based on post-processed data from the STFT and fast Fourier transform (FFT). Figure 13a
reveals the counterclockwise propagation of two detonation waves over 1.5 ms, and the
observed propagation mode exhibits a detonation propagation frequency of 17.903 kHz,
which remains consistent from ignition to the end of the experiment, indicating no mode
transitions. Figure 13b also shows the case without mode transitions. However, in contrast
to Figure 13a, it indicates increased vibrations on the STFT plot. These results suggest
that the detonation wave propagation in case 4 with RHFI is more stable when compared
to case 3 with SFI. Additionally, these consequences can be further understood through
the study of Sheng et al. [44]. In their study, they concluded the following. The vibration
amplitude of the detonation wave height will decrease with the number of detonation
waves, indicating that the stability of the RDE flow field will be improved as the detonation
wave number increases. Therefore, the fuel injectors and different fuel injection structures
cause differences in detonation propagation modes. Consequently, this affects the stability
of detonation propagation characteristics.
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Figure 13. Wide-range mode analysis, propagation direction, and the number of detonation waves
shown in the unwrapped figure; STFT and FFT results: (a) case 3 with the slit-type fuel injector;
(b) case 4 with the hole-type fuel injector.
3.3. Wall Pressure
Figure 14 presents wall pressure data measured with 500 samples per second and per
channel (S/s/ch) over time. Between 0.1 and 0.4 s, negative pressure is formed due to
the momentum of the oxidizer as the propellant is supplied. After ignition, the pressure
rapidly increases, reaching its maximum at approximately 0.5 s. Subsequently, there is a
stabilization period of about 0.2 s, excluding the first 1 mm. The pressure values from 0.6 s
to 0.8 s for all four experimental cases were averaged and are shown in Figure 14b.
0.3 : , 0.25 =
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— 11 | | S A Case 2
0.25 71 | R ' e * Case 3
1 Avg. range o2k =
) I 31 i - = = * Case 4
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Figure 14. Time-averaged wall pressure: (a) outer body wall pressure history of case 3; (b) time-
averaged wall pressure along the RDE length direction.
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3.4. High Mass Flow Rate Condition

The RDE experimental model was partially ablated due to the high thermal load at
the experimental condition of 100 g/s. Therefore, measurements were limited to thrust
measurements and high-speed camera recording. Figure 15 presents processed images
based on the rear-view photos of case 5 and case 6.

55 360 ER AL SRR L\ 4 'Chaotic'propagation ‘ ] S
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Figure 15. High mass flow rate condition post-processing results, unwrapped figure, and FFT results
based on snapshots: (a) chaotic propagation of case 5 with the slit-type fuel injector; (b) relatively
stable propagation of case 6 with the hole-type fuel injector; (c) frequency domain of case 5 at
22.103 kHz; (d) frequency domain of case 6 at 25.592 kHz.

In Figure 15a, the three detonation waves propagation can be observed in both fuel
injectors. At 0.678 s, the three detonation waves propagate clockwise. However, after 5 us,
at 0.6785 s, detonation waves propagating in the opposite direction are generated, and
they develop further as time passes. Starting from 0.679 s, which is the same as the chaotic
propagation region, there is a reversal in the rotating direction of the detonation waves
with clockwise propagating waves. The reversal waves propagate aperiodically. However,
as it is gradually reinforced, the origin waves disappear, and the waves only propagate
counterclockwise direction. On the other hand, Figure 15b indicates waves that steadily
propagate in the clockwise direction and relatively stable behavior with respect to the same
experimental condition and detonation wave number.

Figure 15¢,d show the results obtained after the FFT post-processing of 40,000 exper-
imental photos taken over 0.2 s. Case 5 of SFI represents a relatively lower detonation
propagation frequency than case 6 of RHFI. The detonation velocities are 1261 m/s and
1460 m/s for case 5 and case 6, respectively, indicating that, despite similar experimental
conditions and the same number of detonation waves, case 6 has a 199 m/s faster det-
onation velocity. These results mean that more heat is generated at the same mass flow
rate [45].
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3.5. Performance

Figure 16 represents performance results according to the mass flow rate under an
equivalence ratio of 1.00 £ 0.05. Figure 16a indicates the thrust performance based on
different fuel injectors and the number of detonation waves. At the mass flow rate below
80 g/s, there is a mode difference between the SFI and the RHFI. Additionally, the thrust
value of the RHFI is higher than the SFI. As the flow rate increases, thrust increases, and
at high flow rates of about 100 g/s, both fuel injectors have the same mode conditions.
Figure 16b also indicates a similar result, but it has a clearer difference compared to thrust,
and the RHFI has a high specific impulse of more than 10% at less than 80 g/s. However,
as the detonation mode changes, the specific impulse of SFI only exhibits a 3% difference.
Although these results show that SFI still has lower performances compared to RHEF, they
suggest that the number of detonation waves affects performances.

i 250
200 i A RHFI - 3 waves A RHFI - 3 waves
. @) SFI - 3 waves § (] SFI - 3 waves
[ SFI - 2 waves 2 200 ® SFI - 2 waves
O
z 150 —‘;
= QL
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() (b)

Figure 16. Performance results of RDE combustion experiments: (a) thrust performance; (b) specific
impulse.

4. Conclusions

To enhance fuel-mixing performance, an experimental study was conducted on the
two kinds of fuel injectors in the RDE. Experiments were carried out under three different
mass flow rate conditions at an equivalence ratio of 1.0 & 0.05. The experimental results
were analyzed based on MHz pressure transducer data and high-speed camera images, and
the detonation propagation characteristics were analyzed using FFT, STFT, and unwrapped
image post-processing;:

(1) High-speed camera images revealed differences in detonation modes between the
two kinds of fuel injectors. Additionally, MHz pressure transducer data indicated
that the SFI has larger variations with respect to pressure peak values, and STFT
analysis demonstrated that the RHFI maintained a consistent detonation propagation
frequency, while SFI had oscillations in detonation propagation frequencies during
the combustion experiment. The fuel injectors and the result of the difference in
the fuel injection structure caused differences in the detonation propagation mode.
Consequently, this affected the stability of the detonation propagation characteristics.

(2) In high mass flow rate experiments, the post-processing of images confirmed the
propagation of three detonation waves for both types of injectors. However, the SFI
exhibited chaotic behavior during the transition of propagation direction, and the
detonation propagation frequency was relatively lower.

(3) Asaresult of comparing thrust and specific impulse performance, it was confirmed
that RHFI has higher performances and lower deviation than SFI. These consequences
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are caused by differences in the combustion efficiency of fuel injectors. As an addi-
tional result, performance improvements were observed when changing from the
dual-wave mode to the triple-wave mode in SFI. These results suggest that the increase
in the number of waves due to an increase in mass flow rate affected the performance.
These results are consistent with [27,46].

With a long shape in the oxygen flow direction, injection fuel continuously comes
into contact with oxygen, and a side vortex occurs, which further strengthens the series of
mixing processes and enhances combustion reaction [38]. As a result, the RHFI has more
stable detonation propagation characteristics and faster propagation velocity. Furthermore,
these findings suggest that this had an impact on the performance of the RDE and that the
RHFI can achieve higher performances compared to the SFI.
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