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Abstract

A two-dimensional detached eddy simulation was performed to investigate the behavior of a detonation wavelet in a pulse
detonation engine. A chemical kinetic reactive flow of acetylene and oxygen was introduced into the simulation to analyze
the reactive flow dynamics of two different models. A comparative study was conducted on the detonation flow dynamics
by varying the combustion chamber length. A comprehensive time-transient simulation with computation-intensive iterations
was conducted to study the slightest change in the detonation wave characteristics. The results of the simulations suggest
that a shorter combustion chamber in Model A provided a sustainable detonation. In comparison, Model B, with a longer
combustion chamber, provided a dual detonation wave, which resulted in increased flow frequency of the detonation wave.

Keywords Pulse detonation - Combustion - Numerical simulation - Detached eddy simulation

1 Introduction

In recent years, there has been significant research interest
in pulse detonation engines (PDEs) due to their potential
advantages in aerospace propulsion [1]. PDEs promise higher
thermodynamic efficiency, simplified design, and reduced
manufacturing and operational costs compared to traditional
gas turbine engines. However, several technical challenges
must be addressed to make PDEs practical for real-world
applications [2, 3]. Pulse detonation engine (PDE) has been
in focus for its next-generation capabilities that could rev-
olutionize aerospace. Unlike previous engines that rely on
subsonic combustion or deflagration, a PDE can convert
raw detonation waves into usable thrust for a spacecraft
[4, 5]—resulting in less fuel and oxidizer consumption than
any regular engine, which needs a steady propellant feed to
achieve a nominal impulse. A typical pulse detonation engine
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has a specific impulse of close to 5000 s and an exit veloc-
ity of close to 2000 m/s. The specific impulse may reach an
upward limit of close to 9000 s and an exit velocity of up
to 4000 m/s for a pulse detonation rocket engine [6, 7]. It
could translate into a notable increase in performance and a
decrease in propellant consumption because of the effective
conversion of potential energy to kinetic energy [8].

Though the value of the engine has been recognized, the
understanding of the engine’s function is still vague due to the
complex nature of the detonation wave. Independently, defla-
gration and detonation have been understood to be forms of
combustion and are well researched. However, the key con-
cern about a PDE is the deflagration-to-detonation transition
(DDT) [9, 10]. The phenomenon is not entirely understood
as it involves many parameters of deflagration and deto-
nation. Deflagration occurring within a confined space can
result in an explosion. The act of confining the reaction
leads to heightened pressure, an accelerated reaction rate, and
increased temperature. This confinement may induce a tran-
sition to detonation. Despite the rapid and potent nature of the
ensuing explosion, the combustion event unfolds as a defla-
gration wave traverses through the unburned reactants. The
thermal energy released during the reaction sustains its pro-
gression. Importantly, combustion reaction and shock wave
propagation processes proceed independently in deflagration
and are not directly coupled [11-13].
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While deflagration observed in rocket engines or jet
engines is rapid in scale but does not present a shock front like
in the case of detonation [ 14]. These shock fronts are channel-
ized by turbulence induction to convert the hazy shockwaves
into usable thrust by the engine. It is achieved by introducing
an obstacle in the path of the shockwaves to elevate the shock
intensity and methodical arrangement for controlled results
[15].

The primary role of a Shchelkin spiral is to introduce tur-
bulence into the flow to channel it through the shock tube in
the form of a stable and effective shockwave [16]. However,
placing the Shchelkin spiral becomes crucial in a pulse deto-
nation engine. The placement of the Shchelkin spiral directly
affects the frequency at which the shockwave is generated
[17]. The placement of the Shchelkin spiral directly affects
the combustion chamber length and the blowdown section
length.

One of the primary challenges in PDE research is the reli-
able initiation and propagation of detonation waves. Direct
initiation of detonation waves requires an impractically large
amount of energy, making the deflagration-to-detonation
transition (DDT) approach more viable [18, 19]. In this
approach, a low-energy source, such as an automotive spark
plug, accelerates a flame, leading to a detonation front. The
choice of fuel is critical, and while gaseous fuels such as
hydrogen, acetylene, and propane have been commonly men-
tioned in the literature, liquid hydrocarbon fuels offer higher
energy density [20-22].

Hybrid RANS-LES methods (HRLM) are designed to
integrate the computational efficiency of statistical turbu-
lence modeling (RANS) with the precision of scale-resolving
simulations (LES), aiming to enhance the accuracy of pre-
dicting complex high-Reynolds number flows within practi-
cal computational limits [23]. Within the realm of approaches
to couple RANS and LES [24], the detached eddy simu-
lation (DES) [25] and its more recent iterations (DDES,
IDDES) have gained widespread popularity [26]. Itis primar-
ily attributed to their ease of implementation in unstructured
flow solvers and their applicability to intricate geometries
and diverse flow conditions [27, 28].

1.1 Detached Eddy Simulation

The simulations in PDE so far have concentrated primar-
ily on the k—¢, k—w, or SST turbulence models. So far, the
detached eddy simulation (DES) model has not been ana-
lyzed due to high computational costs. However, the DES
model facilitates increased accuracy and versatility com-
pared to other models. It is a hybrid model that combines
both RANS (Reynolds averaged Navier—Stokes) and LES
(large eddy simulation) models [23, 29]. It details the local
eddy flow, crucial in investigating the flow dynamics of det-
onation waves propagating at a very high velocity.
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The current investigation utilizes a DES model with a
shear stress transport (SST) model. The model provides an
improved flow separation prediction or detached eddies at
a much-localized grid. Unlike other models, where the flow
separation is linearized to a great extent, the DES model pro-
vides an accurate detached shear layer emanating from the
boundary [30].

The base equation for the turbulence model is given by
(31]
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where the eddy viscosity is defined as

Vy =

ark (3)

max(ajw; QF) *

1.2 Contributions and Recommendations
of the Proposed Study

The current study proposes a detailed analysis of the internal
ballistics of the pulse detonation engine using detached eddy
simulation. Detached eddy simulation (DES) is a new simula-
tion method that combines the advantages of LES and RANS
to provide higher accuracy with lower mesh. It is a detailed
method used to study the internal ballistics, shock associa-
tion, and dissociation. DES can enhance the understanding
of the pulse detonation engine and shockwave transmission.
However, a comprehensive study of a time-transient DES
model has not been conducted yet. Therefore, the current
research aims to validate the DES model for a pulse deto-
nation engine and study the impact of the igniter’s position
and the combustion chamber’s length on the engine’s over-
all performance. A four times larger combustion chamber
was used in the current study to observe a visible change.
The present simulation focuses on the detonation engine’s
2-D time-transient model. Due to the extreme computational
cost necessary for a 3-D time-transient simulation, a 2-D
model was selected. However, all the boundary conditions
were adjusted to get an accurate simulation for the current
case.

2 Experimental Setup

The experimental setup was established at Punjab Engi-
neering College (PEC) in Chandigarh, India, comprising
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three distinct sections: the combustion section, the Shchelkin
section, and the blowdown section. A dynamic load cell with
a sensitivity of 10 mV/Ib and an upper frequency limit of
36,000 Hz was utilized for capturing dynamic measurements.
The setup featured a uniform cross-sectional diameter of
48 mm and a total length of 1256 mm with a combustion
chamber length of 100 mm. An integral component of the
experimental apparatus was a Shchelkin spiral with a diam-
eter of 6 mm, a pitch of 25 mm, and an overall length of
280 mm, serving a critical role in the experiments.

High-quality SS 304 steel with a thickness of 5 mm
was used to build the engine. Each section was carefully
insulated with gaskets to prevent any pressure leakage. Pres-
sure transducer sensors were placed at intervals of 360 mm
inside the engine to record dynamic pressure data at multi-
ple locations. A PCB pressure sensor, in combination with a
PCB piezotronics signal conditioner, is used to acquire the
dynamic pressure readings. All sensors were connected to the
data acquisition unit (NI-PXIe-1082), and a specialized inter-
face was developed for the experiments using LabView. The
experimental section incorporated various auxiliary compo-
nents and elements into the pulse detonation engine (PDE)
test rig. These experiments were executed utilizing the PDE
test rig housed in the Aerospace Engineering Department
at PEC in Chandigarh. The test rig featured an array of flow
controllers for managing fuel and the requisite controllers for
the ignition system, among other auxiliary devices, as illus-
trated in the schematic diagram of the PDE test rig presented
in Fig. la.

Within this test rig, a PDE tube constructed from SS-
304 grade material was meticulously designed, segmented
into sections using temporary fasteners, and assembled per
the necessary configuration. The first section of this tube
served as the fuel-oxidizer mixing and combustion chamber,
followed by the Shchelkin spiral section, which accom-
modated the spiral or deflagration-to-detonation transition
(DDT) device, crucial for promoting detonation. The final
section was the blowdown section, which guided the shock
wave post-detonation towards the exhaust outlet. Compre-
hensive specifications of the PDE pipe are delineated.

Stop bolts were employed to secure the Shchelkin spiral
firmly in place, and a thrust stand, equipped with a slider
and rail system, enabled the observation of PDE movement
after ignition. This setup facilitated the calculation of thrust
values, and a thrust wall was utilized to support the load cell
for precise thrust measurements.

Throughout the tube length, ports were strategically
positioned to accommodate pressure sensors. Furthermore,
separate ports were designated for fuel and oxidizer injec-
tion, situated near the dead end of the tube. Fuel and oxidizer
were injected diagonally opposite each other to ensure ade-
quate mixing. The ratio of fuel to oxidizer could be adjusted
as per experimental requirements. The ignition process was

executed via a spark plug integrated into the dead end of the
tube.

The current study focuses on the numerical comparison
of Model A and Model B. Model A has also been studied
experimentally. The schematics of the Model A experiment
are shown in Fig. la, and the outline for the Model B is
presented in Fig. 1b. Model B is only a numerical model in
the current study and has not been studied experimentally.

2.1 Design

The Shchelkin spiral is a critical component in pulse det-
onation engines (PDEs) that promote the transition from
deflagration to detonation. Calculating the parameters of a
Shchelkin spiral involves determining its dimensions, pitch,
and diameter. The spiral pitch is the distance between suc-
cessive turns of the spiral. It plays a crucial role in controlling
the frequency of the shockwaves generated in the PDE. The
desired frequency of the shockwaves (f) is based on the
experimental requirements.
Use the formula:

P=2<, 4

o

where P is the pitch of the Shchelkin spiral (in meters), and ¢
is the speed of sound in the medium (in meters per second).
This value depends on the specific medium and conditions
in your PDE.

The Shchelkin spiral’s diameter influences the shock-
waves’ intensity and ability to promote detonation. The
diameter can be calculated using the following formula:

D=n-P, 5)

where D is the diameter of the spiral (in meters), and n is the
number of spiral turns.

The number of turns is determined by the desired length
of the spiral (L) and the pitch (P). It is calculated as

n==%, (6)

where n is the number of turns, L is the desired length of the
spiral (in meters), and P is the pitch of the spiral (in meters),
as calculated in step 1.

Using these calculations, we can determine the dimen-
sions of the Shchelkin spiral required for specific pulse
detonation engine experiments. Remember that the actual
performance and effectiveness of the spiral may also depend
on factors such as the geometry of the combustion cham-
ber, the properties of the fuel and oxidizer, and the overall
engine design. Experimentation and testing may be necessary
to fine-tune the spiral’s parameters for optimal performance.

@ Springer
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Fig. 1 a Schematic of the experimental setup (Model A), with a combustion chamber length of 100 mm. b Proposed schematic of Model B (numerical

model) with a combustion chamber length of 400 mm

The blockage ratio (B) in a pulse detonation engine
(PDE) is typically calculated as the total cross-sectional area
blocked or occupied by various internal components and
structures to the total cross-sectional area of the engine’s
flow path. It is expressed as a percentage. The formula for
calculating the blockage ratio is as follows:

B= (ﬁ—g) % 100, %)

where B is the blockage ratio (expressed as a percentage),
Ag is the total cross-sectional area blocked or occupied by
internal components and structures, such as the combus-
tion chamber, Shchelkin spiral, instrumentation, and some
obstruction. At is the total cross-sectional area of the
engine’s flow path without obstructions. The design of the
two models, namely Model A and Model B, are given in
Fig. 1, a, b.

3 Experimental Results

Successful experimentation was achieved by utilizing a flow
control device, offering the flexibility to vary the injection
timing for oxidizer and fuel, along with remote operability of
ignition delay. The experiments encompassed varying tube
lengths while keeping other parameters constant. For this
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particular experiment, a Shchelkin spiral with a length of
280 mm, a spiral pitch of 25 mm, and an outer diameter of
48 mm was selected. The Shchelkin wire diameter employed
measured 6 mm. Tube lengths of 1256 mm were employed
for the experimental investigations.

It is worth noting that the establishment of this test rig and
the subsequent research project were driven by an exhaustive
review of existing literature, which provided comprehen-
sive insights into the characteristics of PDEs. The tube and
Shchelkin spiral parameters are meticulously defined through
Taguchi analysis and further optimized through systematic
experimentation previously performed at Punjab Engineer-
ing College [32].

Figure 2 presents the pressure sensor readings of 2 differ-
ent points. In Fig. 2a, the pressure sensor readings of point
P1 are in the range of 2.1-2.3 MPa. The readings are more
uniform, providing a much more stable and sustained det-
onation. A low-frequency detonation was used to observe
the detonation initiation process and stability at the initial
stage of the reaction. Figure 2b represents the pressure sen-
sor readings of point P2. The readings are in the range of
2.2-1.5 MPa.

The current experiment has been carried out on the design
of Model A, i.e., with a combustion chamber diameter of
100 mm. In Fig. 3, the reading is zoomed in to observe the
reading at a very minute level. The major division of the
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Fig. 2 Pressure sensor readings from a Point P1 and b Point P2

graph is 0.5 ms on the x-axis, and 0.2 MPa is observed on the
y-axis. Von Neumann Spike is observed at around 2.7458 s
with the highest pressure. It is followed by the Induction
zone, where the pressure drops significantly, followed by the
reaction zone and rarefaction wave.

4 Numerical Model

ANSYS Fluent software is used for the current research.
A large selection of general-purpose computational fluid
dynamics (CFD) packages can be found in Ansys Fluent. It
could be applied to a plethora of situations in numerous fields.
These include simulating chemical reactions, heat, mass, and
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Fig. 3 Pressure readings obtained on LabView

fluid flow, among other phenomena. Fluent provides a state-
of-the-art, intuitive user interface that streamlines the CFD
process in a single window workflow, from pre-processing
to post-processing. We are using the ANSYS-16 version for
this research project. There are restrictions when utilizing the
student edition; for more accurate outcomes, a more signif-
icant number of mesh elements will be permitted with this
licensed version.

The numerical study used a 2-D time transient, detached
eddy simulation (DES) model. The internal diameter of the
pulse detonation engine was maintained at 48 mm for both
models. A Shchelkin spiral with a diameter of 6 mm was
introduced at the exit of the combustion chamber. Model A’s
combustion chamber length was 100 mm, and spiral length
was 280 mm, totaling 1256 mm. Model B increased the com-
bustion chamber length to 400 mm with the same spiral and
total lengths. The pitch of the Shchelkin spiral is 25 mm,
the same as that of the experimental model. A fine triangular
mesh was used to get accurate results. The computational
load as a second-order scheme was used with a time scale
factor of le~’ s and iterations per timestep at 250, so highly
refined mesh was not used. However, the average orthogonal
quality of both the Models was around 0.9, which is sufficient
for the current study.

A partial non-premix ignition model with acetylene as pri-
mary fuel and oxygen as oxidizer was used. The chemistry
data were obtained from the Stanford University website
HyChem [33]. The Chemkin format was then imported to
Ansys. The ignition points in both models were placed at
different locations to assess their effect on performance
simultaneously. In Model A, the ignition point was placed
13 mm from the front wall of the engine at the center. Model
B’s ignition point was placed 200 mm from the front wall
at the center. A 5 mm inlet of fuel and oxidizer are 120°
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apart to enable a homogenization of the fuel oxidizer mix-
ture. The inlets were connected to a common inlet to inject
the homogenized mixture into the combustion chamber.

A structured triangular mesh was used to improve the
accuracy while maintaining the orthogonal quality close to
1. The minimum orthogonal quality obtained was 0.69. As
curved sections are near the Shchelkin spiral, the adaptive
mesh was used to improve mesh accuracy. A probability den-
sity function developed in the partial non-premix model gave
the stoichiometry at 0.3659 mean mixture fraction weight
by weight. The stoichiometry of acetylene-air is 36.59% of
acetylene and 63.41% of oxygen weight by weight.

Pressure inlets were used to define the inlet boundary
conditions of the fuel and oxidizer. The pressure inlet value
of oxygen was 482,633 Pa, corresponding to 70 psi. Simi-
larly, acetylene was given an inlet pressure of 206,843 Pa,
corresponding to 30 Psi. This pressure combination was
established to be optimum for this configuration during
the experimental process. All the variables were set to
second-order upwind for improved simulation accuracy. A
second-order time-transient model with a time scale factor
of le-7 s was used for the simulation. Iterations per timestep
were set to 250 to ensure timestep convergence. Over 480,000
iterations were achieved for Model A and over 600,000 iter-
ations for Model B.

5 Results and Discussion

This paper examines flow propagation and the characteristic
study of flow properties. The detonation propagation in two
models with different combustion chamber lengths is studied.
Model A has a combustion chamber length of 100 mm, and
Model B has a combustion chamber length of 400 mm. In
Model A, as depicted in Fig. 1a, the igniter position is near the
front end of the combustion chamber. In Model B, the igniter
position is 200 mm from the front end of the combustion
chamber. A comparative study of these two models is carried
out to analyze the influence of combustion chamber length
on the engine’s performance.

An ignition charge of 50 mJ was used to ignite a mix-
ture with a mean mixture fraction of 0.3, as 30% acetylene
and 70% oxygen were used for the initial condition of both
models.

5.1 Model A (Experimental)

A small combustion chamber length of 100 mm enables a
rapid flow fill rate for detonation. The detonation was initi-
ated at 1.4e-5 s, and the detonation velocity was 1430.69 m/s.
A single shockwave was observed to be initiated at the front
wall of the PDE. The pressurization of the detonation wave
in the Shchelkin region further intensifies the velocity of
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the shockwave. The DES model depicts the eddy formation
behind the shockwave. It can be observed in Fig. 4 that most
eddies are formed around the Shchelkin region as the shock-
wave is propelled forward. However, as the flow propagates
forward, they are diffused to a flow similar to a streamlined
flow, and the entire Shchelkin acts as a Fanno tube with a
uniform cross-section area. It could be safely assumed that
the entire Shchelkin region acts as a nozzle throat, similar to
other rocket engines. However, unlike regular rocket engines,
the flow is not diffused to subsonic velocities due to the low
compression ratio. The distance between two Shchelkins,
instead, enables rapid contraction and expansion. It enhances
the velocity of the flow further and does not allow it to reduce.

The combustion of propellant in the case of PDE is much
more uniform. As can be observed in the figure, the fuel and
oxidizer are injected at an angle before being injected into
the combustion chamber for homogenization of the mixture.
This results in the injection of premix propellant into the
combustion chamber to achieve a sustainable detonation. In
Fig. 5, it can be observed that the detonation propagation
is much more uniform in nature, reaching close to the maxi-
mum combustion temperature of the mixture. A thin reaction
layer was observed in the region of the detonation wave front,
corresponding to the velocity contour. This layer has a tem-
perature ranging from 1200 to 2500°K. The region behind
the detonation wave has a temperature over 2500 °K.

As the reaction enters the Shchelkin region, the propel-
lant becomes trapped between two Shchelkin spirals, causing
delayed combustion due to high flow velocity. This delay
further pressurizes the wave in the Shchelkin region. As the
combustion propagates to the blowdown section, the thick-
ness of the reaction wave increases exponentially due to the
diffusion of pressure compared to the Shchelkin region. In
addition, the flow in the blowdown section is not confined to
boundaries, unlike the Shchelkin region.

From the pressure contour in Fig. 6, it can be observed
that the pressure inside the combustion chamber increases as
the flow propagates. The maximum pressure is observed at
the Shchelkin section of the engine. A maximum pressure
of 4,256,370 Pa was observed at the end of the Shchelkin
section. However, the pressure over the spiral was observed
to be higher. Until 0.6 s, the flow was observed to be pres-
surized. After this, the flow started to diffuse in the blowdown
section. The blockage created by the spiral exhibits properties
similar to that of a nozzle. However, as the flow propagated
to the blowdown section, it diffused the flow.

In the combustion chamber of Model A, the reaction of the
propellant species is incomplete and extends into the engine’s
Shchelkin and blowdown section. Figure 7 shows that the
reaction of acetylene and oxygen continues until the exit,
forming various species. The major composition of these
species is carbon monoxide (CO), hydroxide (OH), steam
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Fig. 4 Time transient velocity contour of Model-A

(H>0), atomic oxygen (O), hydrogen gas (H»), atomic hydro-
gen (H), and carbon dioxide (CO,). However, some of these
species are initially unstable and react further to stabilize,
such as CO. The CO, O, and H concentrations are higher
on the reaction shock layer. Behind the shockwave, these
species react further to form H>O and CO,. Due to a shorter
combustion chamber length, these reactions tend to spill into
the blowdown section closer to the exit.

The reaction layer or the detonation wave velocity is closer
to Mach number 1. The layer is very thin, and it could be

observed from the speed of sound contour that the varia-
tion of the speed of sound is from 402 to over 1300 m/s.
The Damkohler number indicates the reaction rate of flow.
It could be defined as the ratio of Kolmogorov time scale to
the characteristic chemical time scale. Lower values of the
Damkohler number indicate a higher reaction rate. In this
model, the Damkohler number is low behind the detonation
wave and high in front of the wave, indicating a faster reac-
tion rate. However, the region where the Damkohler number
is greater than 200 is thicker, indicating a slower reaction rate
in the detonation wave region.
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5.2 Model B (Numerical)

A larger combustion chamber provides room for a more even
detonation and expansion of the detonation waves. Unlike in
Model A, where the detonation wave was semi-circular, the
detonation wave in Model B is circular and uniform. Detona-
tion in Model B was initiated at 1.3e-5 s, and the detonation
velocity was 1625.11 m/s. After the detonation wave was trig-
gered at the center of the combustion chamber, it was noticed
that it traveled in both directions, leading to a reduction of
almost 50% in the flow time for one detonation cycle while
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having only a slight impact on the velocity and pressure of
the flow.

In contrast to Model A, the detonation in Model B was
initiated at the center of the combustion chamber, resulting
in two wavefronts. One wave traveled towards the exit, while
the other traveled towards the closed section or front wall.
The wave moving directly towards the exit exhibited proper-
ties similar to Model A’s. However, a second wave reflecting
on the front wall of the engine acted as a booster wave, reduc-
ing the time for the detonation wave to reach the engine exit.
Velocity was higher on the detonation wavefronts, as shown
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in Fig. 8. Unlike Model A, where the velocity reduces sub-
stantially in the blowdown section, in Model B, the velocity is
not reduced substantially, and higher velocity is maintained
due to a larger combustion chamber and a reflected detona-
tion wave, which resulted in a 13.58% increase in detonation
velocity compared to Model A. In addition, the velocity prop-
agation in the Shchelkin region was much more uniform. A
zigzag pattern could also be observed more clearly in Model
B due to the more uniform flow entering the Shchelkin region.

As the combustion chamber length is longer in the case of
Model B, a more uniform combustion is observed. It can be

observed from Fig. 9 that the reactive flow travels in dipolar
form, leading to a faster combustion rate. Owing to the faster
combustion of the propellant, the reaction layer thickness in
the blowdown section is thinner compared to Model A. The
time for completion of combustion is observed to be less
than 1 s, unlike Model B, where it is close to 50% more.
However, a reduced blowdown section makes the tempera-
ture nearly 100 °K less.

The average combustion chamber pressure is observed to
be higher in Model B due to the presence of a reflective
wave. From Fig. 10, it can be observed that the detonation
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Fig. 10 Time transient Pressure contour of Model-B

wave that is propagating toward the wall compresses the pro-
pellant against the wall, increasing the combustion chamber
pressure. The flow propagated towards the exit creates a low-
pressure region behind the detonation wave. The detonation

wave that strikes the front wall has 2-3 times higher pressure
than this region. It enables re-pressurization of the combus-
tion chamber and propagation of a second detonation wave
within the same detonation cycle.

@ Springer



International Journal of Aeronautical and Space Sciences

Mass fraction of h2o [ ]

& 0.00e+00 7.93e-03 1.59e-02 2.38e-02 3.17e-02 3.97e-02 4.76e-02 5.55e-02 6.34e-02 7.14e-02 7.93e-02

2N > . AE

Mass fraction of oh [ ]

0.00e+00 7.09e-03 1.42e-02 2.13e-02 2.83e-02 3.54e-02 4.25e-02 4.96e-02 5.67e-02 6.38e-02 7.09e-02
TR

Mass fractionof o[ ]

0.00e+00 1.01e-02 2.02e-02 3.03e-02 4.04e-02 5.05e-02 6.06e-02 7.07e-02 8.08e-02 9.08e-02 1.01e-01

. »

Mass fraction of h2[ ]

‘,{ 0.00e+00 1.40e-03 2.81e-03 4.21e-03 5.62e-03 7.02e-03 8.43e-03 9.83e-03 1.12e-02 1.26e-02 1.40e-02

QY
Sy : =

78
contour-4
Mass fraction of co2 [ ]
0.00e+00 2.34e-02 4.67e-02 7.01e-02 9.35e-02 1.17e-01 1.40e-01 1.64e-01 1.87e-01 2.10e-01 2.34e-01
¢
‘—4 e 5 ; ] p \ b 4
7~

Mass fractionof h [ ]

' 4 0.00e+00 1.43e-03 2.86e-03 4.29e-03 5.72e-03 7.15e-03 8.57e-03 1.00e-02 1.14e-02 1.29e-02 1.43e-02

Ve - .
ANey U S, B2 |
et S - >

Mass fraction of co [ ]

‘1' 0.00e+00 8.33e-02 1.67e-01 2.50e-01 3.33e-01 4.17e-01 5.00e-01 5.83e-01 6.67e-01 7.50e-01 8.33e-01
B - : “
N » ) )

Mach Number [ ]

_—

-
T

9.41e-04 2.05e-01 4.08e-01 6.12e-01 8.16e-01 1.02e+00 1.22e+00 1.43e+00 1.63e+00 1.83e+00 2.04e+00

Sound Speed [ m/s ]

&P 4.57e+02 5.61e+02 6.66e+02 7.70e+02 8.74e+02 9.79e+02 1.08e+03 1.19e+03 1.29e+03 1.40e+03 1.50e+03
Damkohler Number [ ]

4.74e-11 1.90e+01 3.80e+01 5.70e+01 7.61e+01 9.51e+01 1.14e+02 1.33e+02 1.52e+02 1.71e+02 1.90e+02

(' -.-{a!
Mean Mixture Fraction [ ]

6.37e-03 8.46e-02 1.63e-01 2.41e-01 3.19e-01 3.97e-01 4.75e-01 5.54e-01 6.32e-01 7.10e-01 7.88e-01

Fig. 11 Other contours of Model-B

@ Springer



International Journal of Aeronautical and Space Sciences

'J? T U U U U U U W VTR
i PO P1 P2
. Aa a o A a 6 a a
ES
(a)
A4
o0 U g 0 0 U U U U U VU
PO P1 P2
AN
(b)
Fig. 12 Selection of points for the comparative study: a Model A, b Model B
-0.0005  0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 5.0
2.4 ' ' ' ' ' 124 s —— Model A (P1)
22 Experimental data 120 7 —— Model A (P2)
2.0 Numerical data Model A (P1) 2.0 4.0 xgg: g ((1;(1);
1.8 1 -18 354 —— Model B (P2)
16 ‘ I 116 _ —— Model B (P0)
H \ £ 3.0
L4+ —414
%‘; ‘ \ ‘\ A %
g 12 \‘ ‘w‘ 412 225
% 1.0 H“W\ 410 z
& 1[4 [“ 2204
0.8 ' \”\ !| -~08 A
6.6 v\ilfg.M Jos 1.5+
‘ V \' il j‘J\J\ A ‘
0.4 iy v H04 Lo
0.2 H —402
_ |
0.0 . , : : 400 0.5
2.7450 2.7455 2.7460 2.7465 2.7470 2.7475 0.0 I‘ = = . : :
Time (s) 0.20 0.40 0.60 0.80 1.00 1.20 1.40
@ Time (ms)
(a)
-0.0005 0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030
24 ] T T T T T T ] 24 50
Model A (PO
221 122 4.5 4 e Von Neumann Spike
2.0 Experimental data =420
184 | Numerical data Model A (P2) _| 1.8 4.0
164 d16 354 Induction zone
<
1.4 1 —414 —_ i
% 3.0 Reaction zone
212 q12 g _
§ 104 110 2 25 Rarefraction zone
A~ 17
0.8 -0.8 5 204
0.6 4 - 06
0.4 {04 1.5
024 —40.2 1.0 4
0.0 H . , : , : 4 0.0
2.7450 2.7455 2.7460 2.7465 2.7470 2.7475 2.7480 05
Time (s) 0.0 T T T T T
®) 0.00 0.15 0.30 0.45 0.60 0.75 0.90
Time (s)
Fig. 13 Comparison of numerical and experimental pressure data at ®)

a point P1 and b point P2

As more pressure is added to the supersonic flow, the sec-
ond detonation wave travels faster than the first. It could be
observed that even though the second wave travels close to
400 mm more than the first wave, the margin between both
waves is less than 200 mm when the flow reaches the exit. It

Fig. 14 a Comparison of pressure inside the Shchelkin region and out-
side the Shchelkin region. b The flow regime of the numerical pressure
data

presents a crucial advantage as two detonation waves are cre-
ated in the same cycle with similar exit flow properties and
indicate doubling the frequency of exit flow, thereby increas-
ing the thrust and specific impulse of the engine.
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The species contours observed in Model B vary from
Model A in Fig. 11. The concentration of reaction flow
species observed in the combustion chamber differs from that
past the Shchelkin region. It may be due to the reflected det-
onation wave observed in Model B. Although the reaction
of the propellant has already been carried out initially, the
reflected wave acts as a second wave of reaction, stabilizing
the chemical reaction. A complete combustion is indicated
in the combustion chamber, which indicates an almost par-
tial vacuum in the Mach number contour, where the Mach
number in the combustion chamber is close to zero. How-
ever, compared to Model A, the reaction later Mach number
is higher, reaching around Mach 2. The speed of sound in the
medium is also higher, indicating an increased flow density.

Damk®ohler’s contour is much more uniform in the blow-
down region, indicating a uniform reaction rate. The reaction
layer Damkohler number is also low, meaning a faster reac-
tion than Model A. However, Model A has a much more
complete reaction than Model B.

6 Comparative Analysis

Both models were compared at 3 points to get an accu-
rate insight into the numerical simulation. The points can
be observed in Fig. 12. Point P1 is placed at the exit of the
Shchelkin section, and this is also the point at which the pres-
sure sensor is placed in the experimental setup. Point P2 is
placed closer to the exit of the PDE, marking the placement
of the second pressure sensor. These results match the cor-
responding results to validate the simulation of Model A.
Another point, PO, is taken at the center of the Shchelkin
section to study the detonation to deflagration transition
properties in the Shchelkin region. The point is taken only
numerically, as taking a pressure reading at the center of the
Shchelkin spiral is not feasible.

The pressure data of point P1 in Model A present data
and trends similar to those in Fig. 13a. The peak pressure
obtained from the simulation at point P1 for Model A is 2.446
MPa, and the experimental data obtained is 2.1-2.3 MPa. In
Fig. 13a, the peak pressure measurement is observed to be
2.22 MPa, with a deviation of 8.94%. The deviation between
the experimental and the numerical data ranges from 6% to
14.17%. The timeline of the experimental data is represented
at the bottom of the chart, and the numerical data is at the top
of the chart in Fig. 13a, b. Figure 13b represents the pressure
data of point P2. The numerical peak pressure was observed
to be 1.809 MPa, and the experimental peak pressure was
observed to be around 1.79 MPa. The deviation of peak pres-
sure was observed to be less than 1%. However, the pressure
at point P2 is varying during the course of the experiment and
was in the range of 2.18-1.56 MPa. Hence, the simulation
can be validated with the experimental data.
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Fig. 15 Comparison of velocity profiles at the post-Shchelkin region
and exit

It could be observed that the trend of pressure data is
similar for both Model A and Model B in Fig. 14a. How-
ever, the graph shows that the pressure inside the Shchelkin
region is higher for Model A, whereas the pressure post the
Shchelkin region is higher for Model B. At both points, the
pressure drops steadily after some time. However, the pres-
sure increases again in Model B due to the second shockwave.
The detonation wave flow regime inside the Shchelkin region
is observed to have two pressure spikes of close to 4 MPa.
The two pressure spikes are primarily due to the overlapping
of the shockwaves in the Shchelkin region. The regimes of
the pressure are explained in Fig. 14b. It could be observed
that the Von Neumann spike is followed by the induction
zone, reaction zone, and the rarefaction wave immediately.

The velocity profiles of the two models in Fig. 15 indicate
a longer time for the detonation wave to reach the exit for
Model A. The velocity of the wave in Model B is found
to be higher along both points. The graph indicates the rise
in velocity after the detonation wave has passed the point,
indicating a second shockwave of velocity over 1100 m/s in
Model B. The gap between the two spikes is minimal.

7 Conclusion and Future Scope

The length of the combustion chamber and the position of
the ignition point significantly affect the propagation of the
detonation wave in the PDE. From the current study, it could
be safe to conclude that Model B presents a more viable
design than Model A. The performance parameters of Model
B tend to indicate a better performance than Model A. The
pressure readings taken from a point outside the Shchelkin
region show an improved performance of 13% for Model
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B over Model A. In addition, the velocity improvement in
Model B is observed to be 14%. The overall combustion
regime in Model A is more sustained than Model B’s.

The length of the combustion chamber heavily influences
the detonation flow parameters. A duel shockwave observed
in Model B tends to boost the performance of the PDE. Two
shockwaves transmitting in the same cycle improve not just
the performance but also the frequency. The flow fill rate
improvement increases the overall efficiency of the engine.
Hence, using a longer combustion chamber and initiating the
ignition at the center of the combustion chamber is prudent
to improve the engine’s overall efficiency.
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