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1 Introduction

For hypersonic flight, a wide range of concepts have been considered such as RBCC, shock-induced
combustion, and the supersonic pulse detonation engine [1-7]. Among these, the scramjet engine is
considered a key technology. However, scramjet vehicles face several major challenges that must be
overcome. One of the main challenges is that the scramjet engine intakes air at supersonic speeds. As a
result, the flow residence time is generally within 1 ms. In contrast, the chemical reaction time varies
from 10 sec to 1 sec, depending on initial conditions [8]. Achieving fuel-air mixing, stable ignition,
and flame holding within this short time is essential. To address these issues, ideas are being proposed
from various perspectives [9]. Recent methods for improving scramjet combustion efficiency can be
divided into passive and active methods. Passive methods include utilizing structures such as cavities
and struts, while active methods consider pulse jets, plasma, and detonation. The cavity creates a
recirculation zone, increasing flow residence time and providing favorable conditions for flame
stabilization [10]. Among active methods, techniques such as using pulse jets or plasma are being
studied to enhance combustion efficiency. However, these methods may require high-pressure gas sub-
tank or large electrical energy. Therefore, some researchers have conducted studies on delivering
detonation into the supersonic combustor. Ombrello et al [11]. conducted an experimental investigation
on transmitting detonation into a supersonic flow using a pulse detonator (PD). As a result, the
detonation plume provides localized blockage effect and enhances near-field mixing.

The goal of this study is to generate detonation using a micro-Pulse Detonation Engine (WPDE) and
investigate its effects on the supersonic combustor when transmitted into it. Additionally, this study
explores the potential of using a uPDE to improve the supersonic combustion efficiency. To achieve
this, experiments were conducted using the Pusan Nat’l Univ. Direct-Connect Supersonic Combustor
(PNU-DCSC). In these experiments, the uPDE was used as an active excitation device, while the cavity
served as a flameholder and a passive excitation device.

2 Experimental Apparatus

The configuration of the PNU-DCSC is shown in Fig. 1. This device consists of a total of four sections:
Vitiation Air Heater (VAH), Circular to Rectangular Shape Transition (CRST) nozzle, isolator,
supersonic combustor. The VAH generates high-enthalpy vitiated air using gaseous hydrogen, oxygen,
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and air. The VAH supplies a total mass flow rate of 368 g/s. Through the combustion, the VAH generates
vitiated air with a total pressure of 1.69 MPa and a total temperature of 1,600 K. The vitiated air is
accelerated to Mach 2 through the CRST nozzle and supplied to the isolator inlet. These conditions have
been validated through numerical analysis and experimental investigation [12-15].
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Figure 1: Configuration of Direct-Connect Supersonic Combustor at Pusan National University.

The schematic of the isolator and the supersonic combustor are detailed in Fig. 2. The isolator has a
cross-section of 20 x 20 mm? and a length of 350 mm. The supersonic combustor has a length of 400
mm and a divergence angle of 22 The supersonic combustor uses gaseous hydrogen as fuel. Also, the
fuel injector was designed as a 30°inclined injector. The cavity is located 70 mm from the starting point
of the supersonic combustor. The cavity has a depth of 10 mm, a bottom wall length of 30 mm, and a
ramp angle of 30°. Due to the ramp angle, the length to depth ratio (L/D) is 3.86. The uPDE uses gaseous
hydrogen and oxygen as fuel and oxidizer, respectively, and gaseous nitrogen as a purge gas. The uPDE
has an inner diameter of 4.22 mm, and its exit is located at the center of the bottom of the cavity.
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Figure 2: Schematic of isolator-supersonic combustor.

For high-speed visualization, a Z-type Schlieren system and a Phantom v2512 high-speed camera were
used. The high-speed camera images were recorded at 110,000 fps with a resolution of 1,024 x 208. For
wall pressure measurements, the 16 channels Scanivalve DSA3217 was used. To measure the detonation
velocity propagating within the uPDE, two PCB ICP-type 113B-series dynamic pressure sensors were
used. The LabVIEW software was used for measurement and control.

Combustion experiments followed the sequence shown in Fig. 3.: (1) GH. and GO are supplied into the
VAH. (2) The VAH is ignited by the CWI, and the VAH pressure rises. Simultaneously, air is supplied
into the VAH. (3) GH- fuel is injected into the supersonic combustor according to the set pressure. (4)
The uPDE operates according to the set sequence, where detonations are periodically formed within the
UPDE and subsequently transmitted and expanded into the supersonic combustor in the form of blast
waves. The supersonic combustor ignites during the first operation of the uPDE, and the ignition process
of the supersonic combustor can be understood by referring to previous study [16]. (5) All valves close,
and the experiment ends.
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Figure 3: The experimental sequence and pressure history.

3 Experimental Results

The experimental conditions for each case are presented in Table 1. Each case was classified based on
the fuel injection pressure (Pinject) and the operating frequency of the pPDE. The fuel/oxidizer supply
pressures for the uPDE were adjusted according to the supersonic combustion pressure. In Case 25-20,
despite supplying GH, and GO, to the uPDE at a pressure near the maximum allowed by the solenoid
valve, detonation formation within the uPDE failed.

Table 1: Summary of representative experimental conditions and results.

Case | Pinject | Dgiopar | WPDE operation | uPDE supply condition (GH.-GOz) DDT
10-10 + 10 Hz

10 bar 0.110 +
10-20 0.009 20 Hz

6 bar — 7 bar Success

15-10 0.168 + 10 Hz

15 bar : -
15-20 0.005 20 Hz
25-10 0.291 + 10 Hz 9 bar — 10 bar Success

25 bar . -
25-20 0.010 20 Hz 10 bar — 11 bar Fail

The bottom wall pressure distribution along the isolator and supersonic combustor is shown in Fig. 4.
The ‘Single Shot’ label indicates the wall pressure when no active excitation was performed. The
pressures indicated by the blue and green lines represent the bottom wall pressure before the start of the
next uPDE cycle. Even before the uPDE was operated, the supersonic combustion pressure near the
cavity was measured to be higher than when no excitation was performed. Additionally, the pressure
was measured to be higher at 20 Hz active excitation case compared to 10 Hz. As a result, it was
confirmed that the excitation effect occurs even with low-frequency excitation of 10-20 Hz. In Case 25-
20, the supersonic combustion pressure was measured to be lower than that of the 10 Hz active excitation
case because detonation failed to form within the uPDE. The failure of the Deflagration-to-Detonation
Transition (DDT) process in the uPDE is thought to be due to an insufficient supply pressure to the
UPDE. Although the supersonic combustion pressure increased with the rise in equivalence ratio, the
fuel and oxidizer supply pressure for the uPDE was insufficient. As the supersonic combustion pressure
increases, it is expected that increasing the supply pressure in the uPDE could induce the DDT process.
However, this could not be performed due to the solenoid valve operating limits.

30" ICDERS - July 27-August 1, 2025 — Ottawa 3



Lee, K. -H. pPDE Excitation of Supersonic Combustor
e O

— — ——————— — —————— —
——+&—— Single shot Fuel 10 bar ] ——+&—— Single shot Fuel 15 bar ] ——+&—— Single shot Fuel 25 bar 1
—H&—— PDE10Hz 1 —H&—— PDE10Hz 1 —H&—— PDE10Hz 4

< PDE 20 Hz 4 A PDE 20 Hz 4 L r = PDE 20 Hz

o
3

I

w”
o
o

I
~
T

Wall pressure (MPa)
o
-~

o
w

Wall pressure (MPa)
o
o

o
w

o
N

0.2 1 1 1 ] 0.2 1 1 ] 1 1 1 ]
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800

Figure 4: Bottom wall pressure distribution along the isolator and supersonic combustor.

Fig. 5 (a) shows the location of the pixel data (red line) used to create the x-t-Schlieren diagrams. Fig. 5
(b)~(d) shows, from left to right, Schlieren snapshots captured when the uPDE is ignited; an x-t-p
diagram displaying wall pressure variations over the entire experimental period; and an x-t-Schlieren
diagram based on Schlieren snapshots illustrating changes within the supersonic combustor over one
cycle of uPDE operation.

To illustrate the flow changes inside the supersonic combustor resulting from pPDE operation, Schlieren
images were sequentially presented in the left side of Fig. 5 for each case. Cases 10-10 to 15-10 were
grouped together because they show similar flow field changes and flame structures. Roman numerals
are used to label the sequence as follows: (I) Before the uPDE ignition, the flame was stabilized. (Case
10-10 to 15-20: cavity shear layer flame, Case 25-10: cavity flame). (II) The mixture began to charge
into the pPDE, and an overfilled mixture flowed into the supersonic combustor, increasing the flame
area. (I1l) The uPDE was ignited, and after detonation was formed via DDT within the uPDE, it
propagated into the supersonic combustor in the form of a blast wave. (1) After the blast wave exhaust,
the shock train momentarily moved upstream, altering the flame structure (Case 10-10 to 15-20: cavity
flame, Case 25-10: cavity-assisted jet wake flame). In the Case 25-20, since the DDT process in the
UPDE failed, Schlieren images are not presented. While the processes in (I) and (II) are the same for
Case 25-20, the process in (111) did not occur.

The x-t-p diagram in the center of Fig. 5 shows changes in the bottom wall pressure within the supersonic
combustor over the entire experimental period. The supersonic combustor is ignited by the uPDE,
causing a pressure increase, and high pressure is continuously maintained with the periodic operation of
the uPDE. In particular, it can be observed that high pressure persists around and slightly downstream
of the cavity. When the blast wave is transmitted into the supersonic combustor after pPDE ignition, it
can also be observed that the pressure momentarily increases up to the leading edge of the cavity.

The x-t-Schlieren diagram in the right of Fig. 5 shows shock position changes within the supersonic
combustor during one cycle of uPDE operation. It can be observed that a shock at the front moves
upstream following the operation of the uPDE. However, the shock only weakly propagates upstream
and does not reach as far as the isolator. It can be inferred that, despite the strong blast wave being
directly transmitted from the uPDE, it does not exert a destructive impact as far as the isolator.

Previously, it was believed that high-frequency excitation over 100 Hz was necessary to induce flow
excitation in a supersonic combustor. However, when considering various factors such as thermal
management, maintaining the operational mode, and protecting thermal coatings and structural
components, low-frequency operation of the uPDE may offer greater advantages. Furthermore, based
on Schlieren snapshots, instantaneous thermal choking appears to occur after uPDE ignition.
Simultaneously, as the equivalence ratio increases, the flow recovery time after pPDE operation
becomes longer. As a result, high-frequency operation of the uPDE may lead to excessive heat addition,
potentially inducing an unintended early transition in the combustion mode. Although further
investigation into the effects of high-frequency excitation is required, operating the uPDE at 10-20 Hz
may contribute to improving overall combustion efficiency in scram mode.
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Figure 5: (Left to right) Schlieren snapshots, x-t-p diagram, x-t-Schlieren diagram: (a) The pixel data
position used when creating the x-t-Schlieren diagram (red line); (b) Case 10-20 (Similar flow field
behavior is also observed in Case 10-10 and Case 15-10); (c) Case 15-20; (d) Case 25-10.

4 Conclusions

In this study, combustion experiments in the supersonic combustor were conducted using both the
passive excitation method of a cavity and the active excitation method of the puPDE. When the
equivalence ratio of the supersonic combustor was 0.110 and 0.168, the supersonic combustor operated
in scram mode, and the uPDE effectively provided excitation effect even at a low operation frequency
of 10-20 Hz. However, as the equivalence ratio of the combustor increased, the supersonic combustion
pressure also rose, resulting in the pPDE not operating effectively. If the uPDE supply pressure can be
actively controlled according to the supersonic combustion pressure, it is expected that the combustion
efficiency of the supersonic combustor could be improved in the future.
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