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Abstract

Pulse Detonation Engines (PDEs) offer a promising alternative to traditional propulsion sys-
tems due to their higher thermodynamic efficiency, reduced weight, and more compact de-
sign. However, their practical implementation remains challenging, primarily due to the
harsh detonation environment and the complexity of modelling unsteady flow phenomena.
This thesis focuses on the selection, specification, and simulation of components for a PDE
experimental setup using hydrogen and air as propellants. Drawing from existing setups,
critical elements such as valves, sensors, and protective cooling systems are chosen to ensure
robustness and adaptability. A key innovation of this work lies in the design’s enhanced
versatility for future adaptation to Rotating Detonation Engines (RDEs). Unlike previous
setups, this configuration introduces piezoresistive pressure transducers—also suitable for
RDEs—and advanced diagnostics such as ion probes and Background-Oriented Schlieren
imaging, replacing conventional methods to improve measurement accuracy and system
insight. A comprehensive Simulink® model simulates the behaviour of the selected com-
ponents to assess their influence on flow conditions and engine performance. Key met-
rics such as pressure and temperature along the feeding line are analysed, highlighting the
non-negligible effects of even small inefficiencies. The simulation also enables performance
evaluations under varying operational conditions, such as detonation frequency and setup
dimensions. This modelling approach provides valuable insight into the interplay between
component behavior and overall engine performance and serves as a reference for physical
implementation. The findings support the practical realization of PDE systems and provide
a pathway for extending the approach to RDE configurations.

Key-words: Pulse Detonation Engines, Rotating Detonation Engines, Hydrogen-Air Detona-
tion, Experimental Setup Design, Simulink Modelling, Thermodynamic Performance Eval-
uation



Sommario

I motori a detonazione pulsata (Pulse Detonation Engines, PDE) rappresentano un’alterna-
tiva promettente ai sistemi di propulsione tradizionali, grazie alla loro maggiore efficienza
termodinamica, al peso ridotto e al design pitt compatto. Tuttavia, la loro implementazione
pratica risulta ancora complessa, principalmente a causa dell’ambiente estremo generato
dalla detonazione e della difficolta di modellare i fenomeni di flusso non stazionario. Questa
tesi si concentra sulla selezione, specifica e simulazione dei componenti per un banco prova
sperimentale di PDE, utilizzando idrogeno e aria come propellenti. Basandosi su configu-
razioni gia esistenti, sono stati selezionati elementi chiave come valvole, sensori e sistemi di
raffreddamento protettivi, con 'obiettivo di garantire robustezza e adattabilita.
Un’innovazione fondamentale di questo lavoro risiede nella maggiore versatilita del design,
pensata per un futuro adattamento ai motori a detonazione rotante (Rotating Detonation
Engines, RDE). A differenza delle configurazioni precedenti, questa implementazione intro-
duce trasduttori di pressione piezoresistivi — compatibili anche con gli RDE — e sistemi
diagnostici avanzati, come sonde a ioni e imaging Background-Oriented Schlieren, che sos-
tituiscono i metodi convenzionali migliorando la precisione delle misure e la comprensione
del sistema. Un modello completo in Simulink® simula il comportamento dei componenti
selezionati per valutarne l'influenza sulle condizioni di flusso e sulle prestazioni del motore.
Vengono analizzati parametri fondamentali come pressione e temperatura lungo la linea di
alimentazione, evidenziando gli effetti non trascurabili anche di piccole inefficienze. La
simulazione consente inoltre di valutare le prestazioni al variare delle condizioni operative,
come la frequenza di detonazione e le dimensioni dell'impianto. Questo approccio modellis-
tico fornisce indicazioni utili sull’interazione tra il comportamento dei singoli componenti e
le prestazioni globali del motore, e rappresenta un valido riferimento per l'implementazione
fisica del sistema. I risultati ottenuti supportano la realizzazione pratica dei PDE e aprono
la strada a un’estensione metodologica verso le configurazioni RDE.

Parole chiave: Motori a Detonazione Pulsata, Motori a Detonazione Rotante, Detonazione
Idrogeno-Aria, Progettazione del Banco Prova Sperimentale, Modellazione con Simulink,
Valutazione delle Prestazioni Termodinamiche
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1 Introduction

Chapter 1

1 Introduction

The objective of this thesis is to develop an experimental test rig for pulse detonation engines
(PDEs). Beyond its academic significance, this work has practical implications, as the actual
implementation of a test setup is planned. This research is part of a project supported by the
European Space Agency (ESA), involving several institutions and universities, including the
Universidad Politécnica de Madrid. In recent years, interest in pulse detonation technology
has grown substantially, particularly in Europe. A PDE is a type of propulsion system that
uses detonation waves to combust the fuel and oxidizer mixture: the engine is pulsed since
the mixture must be renewed in the combustion chamber between each detonation wave.
This increasing focus is driven by the numerous advantages associated with this technology.
The key advantages of PDEs include:

¢ higher thermodynamic efficiency;

¢ high-energy heat release and substantial thrust generation;

* high specific impulse;

* fewer moving parts compared to conventional propulsion systems;
¢ hardware simplicity;

e capability to operate over a broad range of flight Mach numbers (from 0 to 5) for air-
breathing PDEs. Currently, no single cycle engine exists which has such a broad range
of operability;

¢ reduced weight and compact design, requiring less packaging volume than conven-
tional engines due to inherent simplicity.

Higher thermodynamic efficiency is due to the rapid compression of the fuel-air mixture
by a detonation wave, which enables heat addition at constant volume. This mechanism
is detailed in Section 1.3. As a result, PDEs do not require conventional moving compo-
nents such as compressor spools, leading to potential reductions in weight, cost, complexity
and possible failures. Moreover, the propellant injection pressures are expected to be much
lower than conventional rocket engines, which has the added advantage of eliminating the
need for heavy and bulky turbopump machinery that drive propellant feed systems. Despite
these advantages, the practical implementation of PDE technology remains challenging. Ac-
curately modelling its operation and capturing the complex physical interactions involved
is difficult. As a result, no fully operational PDE-based propulsion system currently exists,
and significant research efforts are ongoing to overcome these challenges.

1.1 Applications

The primary applications of PDEs include the following;:

¢ military applications: due to their lightweight design and superior performance around
Mach 1 compared to existing engine technologies, PDEs are well-suited for propulsion
systems in missiles, unmanned aerial vehicles and other small-scale applications. Re-
search in this area is actively being conducted at the NASA Glenn Research Center;

11



1 Introduction

* hybrid pulse detonation propulsion: PDEs can be integrated with turbofan and turbo-
jet engines to create hybrid propulsion systems. This combination has the potential not
only to enhance aircraft speed but also to improve efficiency and reduce environmental
impact. Theoretically, nitrogen oxide emissions could be reduced by up to 80%;

* space propulsion systems: PDEs have the potential to significantly reduce the cost
and complexity of upper-stage and orbit-transfer propulsion systems. Unlike conven-
tional systems, they do not require heavy and expensive pumps and offer improved
fuel efficiency. When combined with other propulsion technologies, PDEs could lower
the cost of launching payloads into space. Additionally, they are promising for lunar
and planetary exploration, particularly for landers and excursion vehicles that require
precise throttling for soft landings;

e attitude control for microsatellites: the compact design, miniaturization potential, and
ability to generate precise impulse bits in the order of 10 pNs make PDEs suitable for
high-precision attitude control in microsatellite applications.

1.2 Operating Principles

PDEs operate on the principle of detonation, a phenomenon in which a shock wave is sus-
tained by the energy released during combustion. The combustion process is initiated by the
compression induced by the shock wave, which results in high temperatures. Consequently,
a detonation arises from the interaction between a hydrodynamic process (the shock wave)
and a thermochemical process (combustion).

A detonation can be triggered by igniting a combustible mixture at the closed end of a long
tube that is open at the opposite end. As the flame propagates through the mixture, it accel-
erates due to the expansion of the burned gases confined between the flame front and the
closed end. This acceleration leads to the formation of a shock wave that precedes the com-
bustion zone, propagating at supersonic velocities. Thus, a detonation is a violent chemical
reaction that travels through the reacted material toward the unreacted material at super-
sonic speeds.

Detonations enable extremely rapid material and energy conversion. This high reaction
rate—or burning rate—does not allow sufficient time for the local expansion of combustion
products. As a result, the detonation process thermodynamically approximates a constant-
volume process rather than the constant-pressure process characteristic of conventional de-
flagration based propulsion systems. The higher thermodynamic efficiency of the nearly
constant volume combustion process (detonation) stems from the lower entropy increase in
the working fluid compared to the constant pressure (deflagration) combustion, as it is il-
lustrated later in this section.

The high-pressure ratios inherent in detonation combustion may eliminate the need for
expensive, high-pressure feed systems, thereby reducing the propulsion system’s weight,
complexity, cost and packaging volume, as mentioned above, among the advantages of this
technology. Furthermore, the rapid energy conversion associated with detonation combus-
tion facilitates the development of more compact and efficient propulsion system designs
compared to conventional systems currently in use. Figure 1 illustrates a control volume
containing the detonation wave, modeled as a strong shock that rapidly compresses the
reactants to initiate combustion.

12
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Reactants Products
U, . u;
Py Ty Py My, ¢y P2 To P2y My,

Figure 1: One dimensional detonation wave in a constant-area duct [1]

Qualitative differences between the upstream and downstream properties across the deto-
nation wave are, for the most part, similar to those observed across a conventional normal
shock. The primary distinction lies in the downstream velocity: while a normal shock al-
ways results in a subsonic downstream velocity, the velocity of a detonation wave is always
equal to the speed of sound in the burned gases through which it propagates, which remains
constant.

A useful comparison is provided in Table 1 , which presents upstream and downstream
Mach numbers along with the ratios of downstream-to-upstream properties. The data il-
lustrate that the property ratios for a normal shock are qualitatively similar to those for a
detonation and are of the same order of magnitude. In contrast, a comparison between de-
flagrations and detonations reveals significant differences: across a deflagration front, the
Mach number increases, the velocity rises substantially and the density decreases signifi-
cantly. These effects are opposite in direction to those observed in both shocks and detona-
tions.

Property Normal shock” Detonation Deflagration”

M, 5.0 5-10 0.001
M, 0.42 1.0 0.003
Ux2/ U1 0.20 0.4-0.7 7.5
Pz/Pl 29 13-55 ~ 1
To/Tq 5.8 8-21 7.5
02/ 01 5 1.7-2.6 0.13

“Properties based on air with v = 1.4 and the upstream Mach number arbitrarily assumed to be 5.0.
bEstimates from laminar, adiabatic combustion of a stoichiometric methane—air mixture at 1 atm
with an initial temperature of 298 K.

Table 1: Typical properties of normal shocks, detonations and deflagrations [1]

Another significant difference is that pressure remains nearly constant across a deflagration
(with a slight decrease), whereas a defining characteristic of a detonation is the high pres-
sure downstream of the propagating wave. The only common feature among detonations,
deflagrations, and normal shock waves is the substantial increase in temperature across the
wavefront.

Although real detonations exhibit a highly three-dimensional structure, valuable insights
can be gained through a one-dimensional analysis. The first attempt to explain detonations,
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undertaken by Chapman in 1899, was based on a one-dimensional approach: an approach
that remains useful today as the foundation for a more detailed understanding. The follow-
ing assumptions are made, referencing the control volume depicted in Figure 1:

* one-dimensional, steady flow;

e constant area;

¢ ideal-gas behavior;

¢ constant and equal specific heats;

* negligible body forces;

¢ adiabatic conditions (no heat losses to the surroundings).

Given that the flow is steady and one-dimensional, the conservation laws can be directly
applied to the finite control volume enclosed by the dashed lines in Figure 1. For steady
flows, the mass flow rate 7z remains constant; moreover, if the area is fixed, the mass flux

(m" = Z) is also a constant, leading to the mass conservation equation:

" = p1Ux1 = P20x2 (1)

Since no shear or body forces act on the control volume, pressure is the only force involved.
The conservation of axial momentum is therefore expressed as:

Pi+ 1031 = Py + 020 (2)

Energy conservation is expressed as:

0> 02
I+ =t =+ 7 3)

Relating enthalpy to the specific heat at constant pressure (cp), which is assumed to be con-
stant, and introducing the heat release g:

2 2

Ux, X,

2 2

It is important to emphasize that the heat release g is an intrinsic property of the mixture,
with its magnitude depending on the specific fuel-oxidizer combination and the equivalence
ratio. Additionally, applying the ideal gas law:

1 v
t+g=cTr+

CpTl + 2 (4)

P = p1R1 Ty (5) P, = PZRZTZ (6)
c
’Y:i (7) cp—Cco =R (8)

where R; and R; are the specific gas constants; v is the ratio of specific heats and c; is the
specific heat at constant volume. Simultaneous solution of the continuity and momentum
conservation equations, Equations (1) and (2), leads to the following relationships:

P, — P ,
i e ©)
P2 M

or, using the specific volume v:
PZ_Plz_m//Z (10)
U2 =101
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The plot of P versus v for a fixed mass flux results in the Rayleigh line. By fixing P; and vy,
Equation (10) yields the following linear relationship :

P, =av,+b where a=—mw"? and b= P+ "0, (11)

Rayleigh lines for different mass fluxes
1

V2

Figure 2: Rayleigh line for flow defined by mass flux, P; and v;

Figure 2 illustrates the Rayleigh lines for an initial state (P;, v1) with increasing mass flux
11", ranging from purple to light blue. As the mass flux increases, the lines become steeper,
pivoting around the point (P;, v1). In the extreme case of infinite mass flux, the Rayleigh line
becomes vertical; in the opposite limit of zero mass flux, it is horizontal. Since all possible
mass flux values lie between these extremes, no solutions exist in the two quadrants (labelled
A and B in Figure 2) defined by the dashed lines through (P;, v1): these regions are physically
inaccessible. This fact will later help determine the possible final states of a detonation wave.
The Rankine-Hugoniot curve is obtained by enforcing the energy equation (Equation (4)) in
addition to the continuity and momentum conservation equations (Equations (1) and (2)),
along with the ideal gas equations (Equations (5), (6), (7) and (8)):

’)/ P2 Pl) 1 (1 1)
L) (P-P) | =—+—=—)—-g=0 12
y-1 (.02 o) 2T PO( ) (12

or equivalently,

1
L (Pz?)z — Pll)l) — = (P2 — Pl) (01 + 02) —q= 0 (13)
v—1 2

If g is a known parameter and Pj, v; are fixed, as in the plot of Rayleigh line, Equation (13)
defines a relation between P, and v, or, more generally, between P and v, as:

f(P,0) =0 (14)

It is now possible to plot the pressure P as a function of specific volume v for given values
Py, v1, and g, as shown in Figure 3.

15



1 Introduction

Rankine-Hugoniot Curve

Figure 3: Rankine Hugoniot curve for q, P;, v; fixed

In Figure 3, point A (P;,v1) is considered the origin since all Rayleigh lines pass through it.
The upper branch of Hugoniot curve is defined as those points on the Hugoniot lying above
point B, while the lower branch contains points below point C. The next step is to deter-
mine which points on the Hugoniot curve correspond to physically realizable states. Since
any real process transitioning from state 1 to state 2 must satisfy both the Rayleigh relation
(Equation (10)) and the Hugoniot relation (Equation (13)), points between B and C on the
Hugoniot curve are unrealizable, as no valid Rayleigh line can be drawn between A and
any point in this region (between B and C). In fact, between B and C no real solutions exist,
as a positive-slope Rayleigh line is unphysical, as illustrated in Equation (9). Additionally,
it can be noted that for the upper branch of the Hugoniot, there exists a limiting Rayleigh
line tangent to the Hugoniot curve at point D. Point D corresponds to the scenario where P,
is greater than P; and therefore is indicative of a detonation reaction. Conversely, point E
is the case in which P; is less than P; and is therefore indicative of a deflagration reaction.
These points of tangency are known as the Chapman-Jouguet points:

¢ the upper Chapman-Jouguet point corresponds to detonations, where the burned gas
velocity, vy, relative to the travelling detonation wave equals the local sonic speed;

¢ the lower Chapman-Jouguet point is similarly defined for deflagrations.

Above the upper Chapman-Jouguet point (D) are states associated with strong detonations.
While mathematically valid, strong detonations are difficult to achieve due to their inher-
ent instability. Between B and D lies the region of weak detonations, which require spe-
cial conditions such as very rapid reaction rate to occur. Although real detonations are not
one-dimensional, conditions at the upper Chapman-Jouguet point reasonably approximate
those associated with actual detonations. The physical characteristics associated with each
Hugoniot segment are summarized in Table 2.
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Burned
Region/segment of Hugoniot curve Characteristics E)iisty Ve-

OUx,2
Above D Strong detonation Subsonic
D-B Weak detonation Supersonic
B-C Inaccessible -
C-E Weak deflagration Subsonic
Below E Strong deflagration Supersonic

Table 2: Physical phenomena associated with various segments of the Hugoniot curve [1]

1.3 Efficiency Comparison

For traditional engines, thermal efficiency (1p ) is determined using the Brayton cycle, which
depends on the temperatures ratio before (Tp) and after (T7) the isentropic expansion (see
Figure 4), as expressed in Equation (15):

M =1—= (15)

On the other hand, detonation engines are modeled as Humphrey cycles in order to account
for the nearly constant volume pressure increase during the cycle. The Humphrey cycle
efficiency (7y) depends not only on the temperature ratio before and after the isentropic

expansion (?O), but also on the ratio of temperatures before (T7) and after (T») combustion,
1
as shown in Equation (16):

1
L\" _1
T T
WHZl—?T’Y —(%_2)1 (16)
1

Thus, the difference between the Brayton and Humphrey cycle efficiencies is determined by

the following % multiplier:
1

() (17)

For detonation combustion, this term is always less than one. As a result, the efficiency of
a Humphrey (detonation) cycle is greater than the efficiency of the Brayton (deflagration)
cycle.
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Figure 4: Temperature-entropy and pressure-volume diagrams of Brayton and Humphrey
cycles [2]

As shown in Figure 4 and as already stated, detonation has the minimum entropy generation
among combustion modes, providing a potential thermodynamic advantage. Additionally,
the total area under the Humphrey P — v curve is greater than that under the Brayton P — v
curve, indicating greater availability of useful work from the Humphrey cycle.

The Brayton cycle consists of two constant pressures and two isentropic processes. It rep-
resents the constant pressure heat addition of deflagration combustion. On the other hand,
the Humphrey cycle consists of four processes, considering Figure 4:

1. isentropic compression (0-1): occurs ahead of the detonation wave in PDEs;
2. constant-volume combustion (1-2): a rapid pressure increase due to detonation;

3. isentropic expansion (2-3): the combustion products expand back to atmospheric pres-
sure, primarily driven by rarefaction waves in PDEs;

4. isobaric process (3-0): completes the cycle, returning to the initial state.
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1.4 PDE Cycle Operation
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Figure 5: PDE cycle operations [2]

Figure 5 illustrates the sequence of events in a single detonation cycle within a tube with
one closed and one open end.

The detonation initiates near the closed end, beginning with an empty chamber (Figure 5
A). Moving clockwise, a fuel-air or fuel-oxidizer mixture is injected at the closed (valved)
end at pressure P; and temperature T (Figure 5 B), determined by flight conditions and
inlet design. Once the chamber is fully loaded, the valves close (Figure 5 C), ensuring that
the propellant mixture and the detonation wave reach the combustor exit simultaneously to
prevent any unburned gases from escaping and lowering the operational efficiency. An igni-
tion source then initiates combustion, transitioning from deflagration to detonation (Figure
5 D). An expansion zone is created between the closed end of the chamber and the detona-
tion wave since the velocity must be zero at the closed end.

Rarefaction waves are generated at the closed end of the chamber and proceed towards the
open end of the chamber, to satisfy the constraint of zero axial fluid velocity normal to the
wall. The strength of the expansion region is influenced by -y, the ratio of specific heats of
the burnt gases, which affects the axial velocity of the gases behind the detonation wave.
These burnt gases must be decelerated to satisfy the closed end boundary condition.

Once the detonation is initiated, the detonation wave propagates towards the open end of
the chamber (Figure 5 E). Ideally, the detonation propagates at the Chapman-Jouguet veloc-
ity, creating high-temperature, high-pressure combustion products behind the wave; while
expansion near the closed end lowers temperature and pressure.

As the detonation exits, the chamber contains combustion products at varying pressures and
temperatures (Figure 5 F): conditions along the chamber vary from T3 and P3 at the closed
end to P2 and T2 at the open end. The axial velocity of the combustion products ranges
from zero at the closed end to supersonic values outside the chamber exit. A pressure dif-
ferential at the open end generates rarefaction waves that propagate back into the chamber,
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expelling the combustion gases. These waves propagate at the speed of sound of the com-
bustion products, accelerating the burned gas toward the open end.

After the primary combustion products are expelled from the chamber, the remaining gas
within the chamber is at a pressure near P3. (Figure 5 G). The chamber undergoes an un-
steady blowdown process, characterized by alternating compression and rarefaction waves
that further expel gases until pressure and temperature decay to ambient levels. Once con-
ditions are suitable, a fresh fuel-air or fuel-oxidizer mixture is introduced, and the cycle
restarts. To prevent premature ignition, an active purge removes residual combustion prod-
ucts before refilling the chamber.

1.5 Structure of the shock

The objective of this discussion is to highlight the key gas dynamic interactions and pro-
cesses that govern impulse generation in a PDE, analysing in details the situation depicted
in Figure 5 D.

A PDE thrust tube with a uniform, constant diameter and an overall length L is considered,
which is initially filled entirely with a gaseous detonable propellant, as illustrated in Fig-
ure 6. The detonable propellant is separated from the ambient environment by an idealized
contact surface located at the chamber exit plane. For simplicity, it is assumed that both the
detonable propellant and the contact surface are initially at rest. Upon ignition, a detona-
tion wave is assumed to be instantaneously initiated at the head end of the thrust chamber,
propagating towards the chamber exit. This detonation wave is immediately followed by
a self-similar rarefaction wave, also referred to as the Taylor wave, as visible in Figure 6.
The rarefaction wave decelerates the gas from a high velocity to a stationary state, ensuring
compliance with the closed-wall boundary condition at the head end of the chamber.

Detonation Wave
Contact surface

Burned Products
L

3 J

Detonable
Mixture

<

\_'_)

Taylor Wave

Figure 6: Schematic of the starting flow field following detonation initiation in a fully filled
PDE [3]

As the detonation wave reaches the contact surface, it generates an unsteady shock wave
that propagates into the surrounding ambient gas. Concurrently, a reflected wave travels
upstream into the burned detonation products toward the head end of the chamber. The
strength of the transmitted shock wave is determined by the change in acoustic impedance
across the contact surface. Meanwhile, the reflected wave may manifest as a reflected shock,
a Mach wave, or a rarefaction wave. Following the reflected interface wave, an exhausting
rarefaction wave propagates toward the thrust wall at the head end of the chamber. This
wave serves as the primary mechanism driving the gasdynamic blowdown of the thrust
chamber to ambient conditions. Consequently, the exhausting rarefaction wave accelerates
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the high-pressure burned products out of the chamber.

Similarly, once the exhausting rarefaction wave reaches the head end of the chamber and
reflects, the pressure on the thrust wall gradually decreases toward ambient conditions.
The interaction between the detonation wave, Taylor wave, reflected interface wave and
exhausting rarefaction wave constitute the fundamental gasdynamic processes in such a

system and must be accurately modelled to analyse the single-cycle performance of a fully
filled PDE.

1.6 Propellant comparisons

Fuel selection is driven by specific mission applications. High-speed aircraft applications
may favor hydrogen fuel, whereas volume and weight limitations of missile systems may fa-
vor higher density liquid fuels and of microsatellites, which are likely to employ ethylene/oxy-
gen mixtures. The selection of the propellant is a critical factor in the development of the
experimental test rig, as it directly influences various aspects, including the system’s size,
component selection, operating conditions (such as pressure, temperature and detonation
parameters), oxidizer-to-fuel ratio, as well as associated risks and safety considerations.

1.6.1 Hydrogen

Hydrogen has been extensively studied in PDEs, particularly in numerical simulations due
to its relatively simple chemical kinetics and ease of detonation.

It’s a carbon free fuel suitable for both air-breathing and space-based propulsion systems.
Light fuels like hydrogen require less initial pressure and temperature to detonate. It is
characterized by high reactivity, low molecular weight and high specific heat, making it a
preferred choice for applications requiring high PDE performance.

Hydrogen-air mixtures demonstrate superior detonation properties, achieving the highest
detonation velocity and specific impulse. In fact, the combustion products containing sim-
ple light molecules tend to generate higher values of detonation velocity and detonate easily.
Hydrogen has a high specific energy content, which translates to a greater amount of energy
released per unit mass. This leads to increased thrust and specific impulse values compared
to traditional hydrocarbon fuels.

Hydrogen combustion primarily produces water vapor rather than harmful emissions such
as carbon dioxide or soot, which are common in traditional fuels. This not only contributes
to cleaner combustion but also improves overall system efficiency and reduces environmen-
tal impacts. Therefore, hydrogen applications are suitable for sustainability and drop of
emissions. The combustion of hydrogen generates high temperatures quickly, which can
enhance the performance of the combustor. The resulting hot gases expand rapidly, driving
the detonation wave more effectively than in traditional fuel scenarios due to this rapid heat
release.

Hydrogen detonation dynamics are highly dependent on the oxidizer. For H, /O, mixtures,
the detonation cell size is much smaller than for Hj/air, leading to a faster deflagration-
to-detonation transition (DDT). However, nitrogen in air acts as a heat sink, slowing down
combustion compared to pure oxygen. This distinction is crucial for optimizing PDE design
and performance.

Also, the Hy /O mixture is more sensitive to detonation than the latter because N; requires
a higher temperature to dissociate than for Hy/air for the same gas feed pressure. This
translates into a faster DDT for H, /O, mixture but also a less safe procedure.

If, after constructing the facility, the oxidizer is switched, the change in oxidizer—while

21



1 Introduction

maintaining the same combustor configuration— results in suboptimal oxidizer injection.
Consequently, mixing becomes the primary factor contributing to degraded performance in
oxygen operation, leading to an increased number of misfires and, ultimately, a reduction in
specific impulse under off-design conditions.

Unfortunately, hydrogen combustion requires proper ventilation, leak detection sensors,
and safety measures due to its high flammability. Special flame detectors and flame arrestors
are commonly used to enhance safety.

1.6.2 Hydrocarbons

Hydrocarbon fuels, both gaseous and liquid, have been widely utilized in PDE research.
Common gaseous fuels include ethylene (C,H4) and propane (C3Hg), while liquid fuels in-
clude JP-10 (C19H1¢) and kerosene.

In general, they are less explosive than hydrogen but the emission associated to their deto-
nation can be a problem. Moreover, for complex hydrocarbons DDT process is more difficult
to achieve in a small volume than with hydrogen. Hence, miniaturization can be an issue.

CFD analysis revealed that detonation wave travel time varies across fuels. Hydrogen
reaches the end of the detonation tube fastest, followed by methane and kerosene, corre-
lating with each fuel’s heat release rate. In general, fuels having a higher heat release rate
consume less time, as the hydrogen. As the number of carbon atoms increases, chemical
reaction time also increases as the detonation wave propagates from the closed end towards
the open end. The increasing time of the cycle limits the operational frequency of PDE,
limiting, consequently, the performances.

Ethylene has been particularly favored in PDE studies due to its well-documented detona-
tion properties, with numerical simulations and experimental data showing strong agree-
ment.

Studies have shown that heating liquid kerosene enhances engine performance and aids
the deflagration-to-detonation transition. However, heavy hydrocarbons such as kerosene
exhibit lower detonation sensitivity, requiring higher activation energy and longer chemical
reaction times with respect to hydrogen. For instance, kerosene-air mixtures have the lowest
detonation velocity of 1520 m/s and the lowest specific impulse, as illustrated in Figure 7.

Liquid gasoline has also been explored as a PDE fuel. When vaporized, it absorbs heat from
combustion products, acting as a buffer zone, preventing pre-ignition by isolating the fresh
tuel-oxidizer mixture from the hot combustion products. This configuration has several
advantages, such as reducing the hardware complexity and not having litimitations on the
operational frequency.

An additional advantage of employing gasoline is that no forced cooling is required because
vaporization of the liquid fuel, after being injected into the tube, would consume a lot of heat
that inevitably resulted in a temperature drop of the combustion products. However, it is
necessary to include a nitrogen tank to expel gasoline under pressure. Additionally, as with
all hydrocarbons, emissions present a critical concern.

Among alternative hydrocarbons, biogas and natural gas have been considered due to their
lower gas emissions and cost-effectiveness, though research on their use in PDEs remains
extremely limited. Based on the limited experiments conducted, it was concluded that the
combustion velocity of biogas is slower compared to propane. Experimental results also
indicate that biogas detonates at a lower velocity and with a larger cell width than propane
(C3Hg). Consequently, achieving detonation with biogas is more challenging. Theoretically,
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the use of pure biogas in a PDE may not lead to detonation due to the presence of CO,, which
acts as a powerful anti-knock agent. Therefore, a more reactive gas should be introduced
as an additive to enhance the mixture. In fact, a higher methane concentration enhances
detonation pressure, Mach number and temperature. Increasing the hydrogen content in
biogas improves its detonation properties, while it is inversely proportional to the cell width
size: a larger cell implies that detonations are less easily instigated.

1.7 Other solutions

In pursuit of sustainable propulsion, ammonia has been investigated as a potential PDE
fuel due to its lower carbon footprint. However, ammonia suffers from low flame propaga-
tion velocity and a slow heat release rate, which hinder its large-scale adoption. Compared
to traditional combustion, detonation offers higher thermodynamic efficiency, potentially
compensating for ammonia’s poor combustion characteristics. One approach for improv-
ing ammonia detonation performance is blending it with hydrogen or oxygen, significantly
enhancing ignition and stable propagation of the detonation wave. However, despite the
additional measures, achieving detonation with ammonia has proven difficult to date. Fur-
thermore, the successful attempts necessitate a long cycle time, which consequently results
in reduced performance.

Another innovative approach involves blended fuels. Studies have demonstrated that hydro-
gen-methane, hydrogen-kerosene and methane-kerosene blends can be effective PDE fuels,
mitigating the challenges associated with pure hydrogen. For example, a 50% hydrogen-
kerosene blend achieves a detonation velocity of 1822.83 m/s, nearly matching pure hydro-
gen (see Section 1.9). Such blends offer a promising balance between efficiency, emissions
reduction and practicality. Unfortunately, almost no studies or experiments have been car-
ried out. Blended fuels, while not dramatically altering thrust performance with respect to
hydrocarbons, provide viable alternatives to mitigate hydrogen’s drawbacks in PDE appli-
cations.

1.8 Specific impulse comparison

To compare the various fuels, a set of numerical data has been gathered. A key parameter for
this comparison, regardless of whether the oxidizer is air or oxygen, is the fuel-based specific
impulse, which solely considers the mass flow rate of the fuel. Consequently, the fuel-based
specific impulse is always higher than the general specific impulse. The general specific
impulse is strongly influenced by the configuration of the detonation engine; therefore, only
the fuel-based specific impulse is considered for an accurate comparison.

This serves as an ideal representation of the performance of the different fuels. A realistic
PDE cycle, however, includes losses due to fill, detonation, blowdown and purge processes,
which are not accounted for in this analysis.
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Figure 7: Fuel based specific impulse of PDE operating on different fuels [4]

1.9 CEA comparison

The following section presents the computation of detonation performance using the NASA
CEA (Chemical Equilibrium with Applications) code. Based on previous studies, the com-
puted results show excellent agreement with experimental data. The evaluation of deto-
nation performance parameters with the CEA code is based on Chapman-Jouguet theory,
as outlined in Section 1.2. This theory assumes ideal mixing and complete, instantaneous
reaction to equilibrium. The equations implemented in the CEA code are derived from
the conservation principles presented in Section 1.2, assuming a constant-area flow hypoth-
esis. The computational procedure involves iteratively solving these equations using the
Newton-Raphson method.

Detonation properties are highly dependent on initial conditions. For consistency, the initial
conditions are kept the same across all propellant combinations, as follows:

¢ temperature: T = 300 K;
¢ pressure: P = 1 atm;
e stoichiometric mixture considered.

While the same initial conditions are applied for all fuels in this preliminary comparison, an
actual analysis would require different initial values of pressure and temperature depending
on the specific fuel type. The uniformity in initial conditions is adopted here for simplicity
and to facilitate comparative analysis.

Detonation velocity, Ugetonation, is @ key parameter in evaluating engine performance, as a
higher detonation velocity results in a greater exhaust velocity and, consequently, higher
thrust. Moreover, through CEA analysis, the detonation pressure of the mixture is evaluated:
this is vital to determine the thickness of the detonation tube, which will be useful for the
development of the experimental rig.
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1.9.1 H,/Air Mixture

Property Value
Udetonation [m/S] 1964.9
P,/ Py 15.5
T,/ Ty 9.8
02/ 01 1.8

Table 3: CEA results for Hy /air mixture at 1 atm and 300 K

The results in Table 3 align perfectly with the properties outlined in Table 1.

1.9.2 H,/O, Mixture

Property Value
Udetonation [m/s] 2835.7
P/ P 18.7
T,/ Ty 12.3
p2/p1 1.8

Table 4: CEA results for Hy /O, mixture at 1 atm and 300 K

As expected, the detonation velocity increases when pure oxygen is used as the oxidizer
instead of air.

1.9.3 CH,4/Air Mixture

Property Value
Odetonation [m/S] 1799.9
P,/ P 17.1
T/ Ty 9.3
02/pP1 1.8

Table 5: CEA results for CH, /air mixture at 1 atm and 300 K

1.9.4 C,Hy/Air Mixture

Property Value
Odetonation [m/S] 1820.9
P,/ Py 18.2
T/ Ty 9.8
02/p1 1.8

Table 6: CEA results for CoHy /air mixture at 1 atm and 300 K
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As expected, hydrocarbon/air mixtures exhibit lower detonation velocities compared to hy-
drogen/air mixtures.

1.9.5 CzHg/Air Mixture

Property Value
Odetonation [m/S] 1796.6
P,/ P 18.1
T2/ Th 9.4
P2/ 01 1.8

Table 7: CEA results for C3Hg/air mixture at 1 atm and 300 K

As anticipated, heavier hydrocarbons are less prone to detonation. In fact, for instance, as
mentioned in Section 1.6.2, kerosene is associated with the lowest detonation velocity of
1520 m/s.

1.9.6 CH4+H,/Air Mixture

Property Value
Udetonation [m/s] 1909.8
P,/ Py 15.9
T,/ Th 9.6
02/ 01 1.8

Table 8: CEA results for CH4+H, /air mixture at 1 atm and 300 K

As expected, the blended CH4/H, mixture exhibits a higher detonation velocity compared
to pure methane (Section 1.9.3), as the presence of hydrogen enhances the combustion char-
acteristics and improves performance. This is the most performing blended mixture: for
instance, as already mentioned in Section 1.7, a 50% hydrogen-kerosene blend achieves a
detonation velocity of 1822.83 m/s.

1.10 PDE and RDE comparison

Until now, the focus was on PDEs; however, another category of detonation engines, namely
Rotating Detonation Engines (RDEs), warrants attention. The operating principle of RDEs is
based on the same fundamental theory described earlier, and the fuel comparison remains
valid for both types of engines.

The key distinction lies in the fact that thrust in RDEs is continuous. Unlike a PDE, which op-
erates intermittently, an RDE generates thrust by exploiting one or more detonation waves
that continuously circulate around its annular chamber. This operational difference influ-
ences the experimental setup, such as annular combustion chamber for RDEs rather than a
straight hollow tube for PDEs, and the working mechanism of the engine.

In a PDE, thrust output is intermittent: the peak thrust is high, but the average thrust can
be low due to the periodic operation. Since thrust is generated with each detonation cycle,
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increasing the pulsing frequency could help to generate more thrust, but this is constrained
by the time required to refill the detonation tube with fresh mixture. Reducing the size of the
detonation tube could potentially be advantageous, as it would reduce the time needed for
charging the mixture. However, this comes with complications such as issues with valving,
mixing, shortened residence time and increased heat loads.

The PDE cycle is inherently unsteady when compared to the deflagration cycle. In contrast,
when a detonation wave rotates along the circumference of the annular combustor channel,
as in RDEs, continuous detonation is achieved, which enhances propulsion performance.
However, rotating detonation waves (RDWs) lead to an uneven flow field, high local tem-
peratures and high pressures potentially damaging the combustor.

The advantage of RDE is that it only requires one initiation during each run, after which
detonation waves continue to rotate within the combustion chamber. There may be multi-
ple RDWs present within the combustor. A detonation wave is formed in the predetonator,
which is tangentially connected to the combustor, and injected into the combustor to deto-
nate reactants, thereby forming an RDW, as depicted in Figure 8.

A notable advantage of RDEs is their ability to operate efficiently when coupled with an
aerospike nozzle. However, RDEs present several challenges when compared to conven-
tional deflagration engines, including high temperatures and pressures near the RDWs,
combustion instability, uneven and unsteady flow fields, and increased mechanical and ther-
mal loads, all of which can damage the engine. These challenges also make it difficult to
integrate the combustor with the nozzle.

The flow field within the RDE is quite complex. However, it closely follows the “steady-
state” detonation cycle, in contrast to the PDE. One configuration that enables continuous
detonation is the annular arrangement surrounding a cylindrical core, as illustrated in Fig-
ure 8. In this configuration, the combustion or detonation chamber is an annular ring, where
a premixed fuel-air mixture is injected axially at the bottom of the combustion chamber.
Once initiated, the detonation wave propagates circumferentially around the annular ring
near the injection plane. The detonated products are expanded and exhausted out of the
top-end of the combustion chamber, which may also accommodate a nozzle to further har-
ness the energy of the exhaust products.

Unlike the PDE, the RDE provides a nearly steady source of thrust without the need for re-
peated detonations at very high frequencies, as previously mentioned. However, since the
detonable mixture is injected axially and the detonation wave propagates circumferentially
around the combustion chamber, as displayed in Figure 8, the flow field within the RDE
exhibits strong axial and azimuthal components, which complicate the analysis and may
hinder efficient engine design. Additionally, because a detonation wave is continuously
present in the combustion chamber, managing heat transfer to the walls and controlling the
temperature within the chamber become significant challenges.
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Figure 8: Operating principle of an RDE [5]

RDEs, as PDEs, represent potential replacements for conventional engines, including turbo-
jet, ramjet and liquid rocket engines. In fact, RDEs offer key advantages over conventional
engine types:

¢ for turbojets, RDEs improve performance and simplify the system by reducing the
compression stage;

e for ramjets, RDEs offer enhanced performance with a shorter ram combustor and op-
eration at lower Mach numbers. Based on the ideal detonation cycle performance esti-
mate under steady-state operation, the specific impulse for an RDE could reach more
than 6000 s, compared to approximately 4000 s for a ramjet at Mach 2.1;

e for liquid rocket engines, RDEs provide improved performance, compactness, lower
feeding pressure and thrust vectoring capabilities.

RDEs are expected to deliver higher thrust densities than PDEs due to continuous com-
bustion, making them an attractive option for aerospace applications such as rocket and
airplane propulsion, as well as gas turbine engines for power generation. Detonation com-
bustion in an RDE occurs over a significantly shorter distance than PDEs: thus, the design
results more compact. The minimum cycle frequency to ensure performance of PDEs above
classical combustion (deflagration) is 75 Hz, and the state-of-the-art devices range between
100 and 400 Hz. On the other hand, the RDE provides a steady thrust source and can scale
up to larger thrust sizes more easily, making it a promising alternative to PDEs.

However, the conditions within the RDE combustion chamber are less understood com-
pared to PDEs, making the design of a combustion chamber capable of withstanding the
forces and heat fluxes typical in an RDE more challenging.

Additionally, in the past experiments a situation in which there were two counter-rotating
detonation waves occurred. As they collide with each other, they cause detonation failure.
Counter-rotating detonation waves are related to the insufficient mixing of fuels and oxi-
dants: hence, this aspect must be carefully analysed. In general, predicting and developing
a model for RDEs is more complex compared to PDEs due to these unexplored phenom-
ena. Consequently, simulating such behavior and achieving consistency with experimental
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data is extremely challenging. Hence, experimental studies are carried on with lack of a
solid theoretical foundation. Therefore, compared to PDEs, a more extensive and cumber-
some experimental campaign is necessary, involving the deployment of additional sensors,
higher temporal discretization and a high likelihood of failures.

Regarding performance, it is currently estimated that the RDE could outperform the PDE
by approximately 33%.

However, one of the most important factors in choosing between PDEs and RDEs is the
specific mission requirements. PDEs offer a rapid thrust response to commands, generate
highly precise impulses, and can throttle thrust by adjusting the operating frequency. Given
these characteristics, RDEs are expected to serve as the primary thrusters for orbital maneu-
vering systems (OMSs) in spacecraft and rockets, whereas PDEs are well-suited for reaction
control systems (RCSs), where high-precision orbit and attitude control are required.

1.11 State of the art

Below is a non-exhaustive list of key research institutions and competitors including PDEs
and RDEs.

1.11.1 Pulse Detonation Engines (PDEs)

* Romanian National Research and Development Institute for Gas Turbines (CO-
MOTI)
Design: PDE
Propellant: Hydrogen-air

* Northwestern Polytechnical University, China & Science and Technology on Space
Physics Laboratory, Beijing, China
Design: Valveless PDE
Innovation: Traditional PDEs use mechanical valves for periodic fuel supply control, in-
creasing hardware complexity and limiting operating frequency. The valveless design
achieves inlet-combustor isolation via gas dynamics rather than mechanical valves.
Hence, the design is simpler and avoids the disadvantage associated with airflow stag-
nation in the valved design.
Propellant: Liquid gasoline and oxygen-enriched air

® Vasad, India (Subhash Chander and Tejinder Jindal)
Design: Valveless PDE
Propellant: Oxygen and acetylene

* Moscow Lomonosov University & Kurchatov Institute, Russia
Design: PDE
Propellant: Acetylene and oxygen

¢ NASA Glenn Research Center, USA
Design: PDE
Propellant: Ethylene and air; experiments also with propane, kerosene and JP-10 with
air

¢ Air Force Research Laboratory (AFRL), USA
Design: PDE
Propellant: Hydrogen-air

¢ School of Mechanical Engineering, Nanjing University of Science and Technology,
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China
Design: PDE
Propellant: Octane (CgHjg) and air

* Pennsylvania State University, USA
Design: Valveless PDE
Propellant: Hydrogen-air

1.11.2 Rotating Detonation Engines (RDEs)

¢ Research Center of Combustion Aerodynamics, Southwest University of Science
and Technology, China & College of Engineering, Peking University, China
Design: RDE
Propellant: Hydrogen and oxygen

¢ U.S. Air Force Research Laboratory (AFRL), Wright-Patterson Air Force Base & In-
novative Scientific Solutions, Inc., USA
Design: RDE
Propellant: Hydrogen and air

* Nagoya University, JAXA, and Muroran Institute of Technology, Japan
Design: RDE
Propellant: Ethylene and oxygen

¢ Beijing University of Chemical Technology & China Aerodynamics Research and
Development Center, China
Design: RDE
Propellant: Hydrogen-air and ethylene-air
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Chapter 2

2 Experimental Setup

2.1 Selection of the configuration

Based on the comparison presented in Section 1.6, hydrogen/air is selected as the opti-
mal propellant combination due to several advantages highlighted in Section 1.6.1, in-
cluding its environmental benefits, ease of detonation and superior propulsive perfor-
mance. Additionally, current research trends favour the use of H, making it a highly
reasonable choice to initiate research with this fuel. Air is chosen as the oxidizer in-
stead of pure oxygen for safety reasons.

Regarding the choice between PDE and RDE, PDE is initially considered for simplicity,
while keeping in mind the potential for transitioning to an RDE configuration. Thus,
transitioning from a PDE to an RDE would be straightforward and cost-effective. As
discussed in Section 1.10, designing an RDE is more challenging than a PDE due to
the complex forces, heat fluxes, flow fields, and conditions that are not well under-
stood and are often unpredictable. In the following analysis, the PDE configuration is
considered, but the design incorporates features that facilitate a future transition to an
RDE, ensuring that the change is as seamless and economical as possible. For instance,
the selection of pressure transducers for PDEs would lean towards piezoelectric sen-
sors; however, to accommodate a potential shift to RDE, piezoresistive transducers are
also considered so as they can be easily integrated into the experimental setup without
significant costs or major modifications.

2.2 Comparison of Valved and Valveless Designs

Apart from the choice of fuel and the selection between a PDE or RDE, another critical
design decision must be made: whether to adopt a valved or valveless configuration.

As discussed in Section 1.11.1, the valved design utilizes mechanical valves to regulate
the periodic supply of fuel. While this approach allows for precise control, it increases
hardware complexity and limits the operating frequency. In fact, the maximum oper-
ating frequency of a PDE is significantly constrained by the performance of its valves,
such as solenoid valves. Although high-speed solenoid valves can achieve frequen-
cies exceeding 100 Hz, their flow rates remain insufficient for practical PDE applica-
tions. In contrast, the valveless design relies on gas dynamics rather than mechanical
components to achieve inlet-combustor isolation. This simplifies the system and elim-
inates airflow stagnation issues inherent in valved configurations. On the other hand,
mechanical valves are exposed to extremely high operating temperatures, which can
significantly reduce their lifespan.

In a valveless configuration, no mechanical valves are used to regulate the supply
of propellants. Instead, the periodic fuel intake is governed by pressure oscillations
within the detonation tube. Since detonation is a pressure gain process, it generates
gas-dynamic valves near the inlet, effectively interrupting the propellant flow. The
oscillation frequency of these pressure waves can be significantly higher than that of
mechanical valves. However, valveless PDE systems have a higher likelihood of fail-
ure and are primarily employed in airbreathing PDEs rather than in space applications,
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where they are unsuitable. Moreover, for airbreathing applications, liquid hydrocar-
bon fuels are generally preferred for the valveless configuration, which is not relevant
in the present case. The use of a valveless configuration may lead to unpredictable
operating conditions and pose risks to system stability. Furthermore, the inability to
control pressure waves due to the lack of valves results in complex wave interactions
within the system. Because these waves can travel bidirectionally without redirection
or containment, predicting their behaviour becomes challenging. Timing discrepan-
cies in wave arrivals may lead to constructive and destructive interference, causing
substantial variations in peak pressures. This unpredictability complicates both en-
gine design and operational stability.

Modelling and simulating a valveless PDE system is considerably more complex, as it
requires accounting for multiple interacting waves, thereby increasing both the design
complexity and the time needed for optimization. While valveless systems may offer
cost advantages by eliminating the need for expensive valves, the extensive computa-
tional and experimental efforts required for their optimization can offset these savings.

The use of mechanical valves can enhance the pressure gain, a critical factor influenc-
ing overall engine performance, thrust, and efficiency. Mechanical valves create a con-
trolled and stable pressure environment within the combustion chamber, contributing
to higher pressure gain. Conversely, when an aerodynamic orifice valve (valveless con-
figuration) is used, studies indicate that the combustor is more likely to fail in achiev-
ing pressure gain due to total pressure losses and ineffective filling processes.

In conclusion, while valved PDEs offer advantages in terms of control, performance
and pressure gain, valveless PDEs may still provide benefits in terms of mechanical
simplicity and potentially lower maintenance requirements. However, achieving high
performance levels may require significant design optimizations to mitigate fluid dy-
namic losses and pressure inefficiencies.

Aside from the various disadvantages of the valveless configuration, the valved de-
sign is chosen also because the valveless configuration is not suitable for gaseous fuels
such as hydrogen.

2.3 Preliminary List of Components

Based on the literature and the analysis of the physical processes, a list of compo-
nents has been compiled and is presented below, based on the valve configuration,
as selected in Section 2.2. Initially, a brief overview of the components, organized by
functionality, is provided, followed by a detailed description of each component.

- Structural components: stainless steel tube and support bars;

- Instrumentation: dynamic pressure transducers, thermocouples, ion probes, mass
flow meters, load cell, accelerometers and high speed camera;

— Fuel/oxidizer system: supply lines, tanks, injectors, rotary valve, one way valves,
flame arrestors and critical flow nozzles;

- Ignition and control: spark plug and emergency shutoff button;
— Detonation enhancement: Shchelkin spiral;
- Data acquisition system (DAQ);

- Cooling system;
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— Purge system.

2.4 Selection of material

The selection of materials for components, such as the detonation tube and the spiral,
is primarily driven by the harsh conditions inside the PDE. Stainless steel is chosen for
the following reasons:

— corrosion resistance: a key consideration in a PDE is the presence of reactive
gases, such as hydrogen and oxygen, which can lead to corrosion. Stainless steel
is highly resistant to corrosion, particularly in aggressive environments, making it
ideal for handling reactive gases and preventing material degradation over time;

- high-temperature resistance and thermal stability: stainless steel exhibits excel-
lent resistance to high temperatures and thermal stability, allowing it to withstand
the heat generated by detonations without losing structural integrity;

— fatigue resistance: during detonation, the tube experiences dynamic and cyclic
loads. Stainless steel is known for its ability to withstand repeated loading cycles
without failure, making it critical for components exposed to high-pressure and
high-temperature cyclic conditions like those in a PDE;

— resistance to plastic deformation: the material must be hard and resistant to plas-
tic deformation due to the high-pressure shock waves generated during detona-
tion. Stainless steel provides adequate resistance to plastic deformation, main-
taining the integrity of the detonation tube and preventing structural failure un-
der pressure;

— workability and availability: stainless steel is relatively easy to machine, weld,
and form, making it suitable for the design of structures like those found in a
PDE. Additionally, it is widely available and cost-effective, reducing material and
manufacturing costs;

— thermal conductivity: although stainless steel does not have the best thermal con-
ductivity compared to metals like copper, it still offers adequate thermal conduc-
tivity, enabling efficient heat dissipation during the detonation cycles.

2.5 Detailed Description of Components

Now that the configuration type has been selected, the list of components referenced
in Section 2.3 is detailed. This includes the type of instrument, key features, as well
as its connections and the rationale for selecting each component in relation to the
physical process. The total cost is evaluated subsequently, as it depends on the size
of the facility. For this purpose, three different sizes of the experimental setup are
considered, and a corresponding plot is generated in Section 2.8.

2,51 Structural components

The PDE consists of a stainless steel tube, closed at the left end and open to the am-
bient atmosphere at the right end. The tube is mounted at two points onto a sliding
mechanism, allowing longitudinal movement along a stationary frame via linear mo-
tion bearings, as illustrated in Figure 12. The rationale behind this configuration is
discussed in the load cell paragraph (Section 2.5.2).
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The PDE is supported by linear bearings: this configuration enables precise thrust
measurements.

— The selected bearing model is the THK® SSR20XW1SS(GK) Block, produced by
THK® Europe, as shown in Figure 9.

T

Figure 9: THK® SSR20XW1SS(GK) Block bearing [6]

This heavy-duty linear guide system, entirely made of stainless steel, ensures high
robustness and reliability. It offers excellent load capacity and precision, making
it ideal for handling the impulsive forces generated by detonation events. Thanks
to its ball recirculation mechanism, it also provides exceptionally smooth motion.
The cost per bearing is €126,63. Figure 9 also illustrates the correct installation
method on the rail.

— The corresponding linear rail /slide is the THK® SSR20, available in various lengths,
such as 500 mm (SSR20-500L) and 800 mm (SSR20-800L) [6]. The rail length is to
be chosen based on the final dimensions of the experimental setup. A cost com-
parison between different rail lengths is presented in Section 2.8. The prices for
standard lengths are as follows:

1. SR20-500L : €66,75;
2. SR20-800L : €100,80;
3. SR20-1200L : €146,22;
4. SR20-1500L : €180,28.

— The PDE and the load cell are rigidly coupled, moving together as a single me-
chanical unit. This assembly must be mounted onto the THK carriages sliding
along the rail. However, since the carriage mounting holes follow a standard-
ized pattern and the PDE/load cell interface may differ, an intermediate plate is
necessary. This structural adapter plate ensures both secure mounting and uni-
form load distribution. The adapter plate can be easily manufactured in a local
workshop. As a reference, a compatible model is the Aluminum Plate 10x90 mm
Alu DIN/EN-Platte (5083) (10mm thickness - 90 mm width), from Motedis® (Ger-
many) [39]. Each plate costs €55,70. The number of plates required depends solely
on the number of bearings and not on the overall dimensions of the setup; two
plates are always used.

— The detonation tube is realized using a hollow stainless steel pipe. Its wall thick-
ness must be selected to ensure structural integrity against the high internal pres-
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sures generated by the detonation process. To determine the required thickness of
the stainless steel detonation tube, a preliminary structural analysis is performed.
The primary stress component in this case is the hoop stress, as the internal det-
onation pressure acts to expand the tube, placing the circumferential fibers in
tension. The hoop stress, therefore positive, is given by the following expression:

pR

¢ (18)

i =
hoop F

where:

*+ pis the internal pressure. More precisely, it represents the difference between
the Chapman-Jouguet pressure and the ambient pressure outside the tube.
However, for a conservative (worst-case) scenario, such as operation in a vac-
uum (e.g., in space), the ambient pressure is assumed to be zero;

* R is the tube radius;
+ t is the tube thickness;
+ ¢ is a dynamic amplification factor that accounts for the fact that the internal

R
pressure is not static. It multiplies the static hoop stress (pT) to yield the

dynamic hoop stress. This factor depends on the velocity of the detonation
wave and typically ranges between 1 and 4. Since hydrogen—air mixtures
produce one of the highest detonation velocities, a value of 4 is used in this
case.

The internal pressure value is obtained from the CEA code results (Section 1.9.1),
considering modifications to the initial conditions as necessary. For experimental
purposes, the maximum internal pressure considered is not the one starting from
atmospheric pressure. Instead, an initial pressure of 11 bar is assumed, as adopted
in previous studies in the literature [40]. This approach allows for evaluating the
advantages and disadvantages of increasing the initial pressure. Specifically, a
higher initial pressure facilitates detonation initiation, reduces the DDT length,
and increases the detonation velocity, as demonstrated later through CEA results
in Section 2.5.2. Moreover, it minimizes the risk of detonation failure, thereby
enhancing the reliability of the PDE.

A value of 11 bar is chosen as the maximum initial pressure for the experiment
because the resulting pressure peak will be significantly higher, following the pro-
portionality observed in PDE results. Consequently, a more robust structural de-
sign is required to withstand such pressures. If the initial pressure were set above
11 bar, the necessary structural thickness would increase to a point where the
engine would become excessively heavy, rendering it impractical for real-world
applications. Furthermore, higher initial pressures necessitate the use of heav-
ier pressurized tanks or fuel compressors, further increasing the overall weight
of the system. This additional weight must also be factored into the structural
considerations, potentially negating the advantages of the PDE.

By equating 0j50p t0 041100, Which is the maximum allowable yield strength of
stainless steel, the minimum required thickness can be determined using Equa-
tion (18). A safety factor (FS) of 3 is applied to account for extreme conditions,
including high temperatures and repeated detonations. This value is supported
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by the literature [41]. Specifically, the high safety factor is justified because Equa-
tion (18) does not yet account for several real-world uncertainties, such as:

+ material defects;
+ manufacturing imperfections (e.g., non-uniform thickness);

+ variations in mechanical properties due to temperature fluctuations or mate-
rial aging;

+ additional dynamic loads (vibrations, impacts);

+ Jong-term degradation phenomena such as corrosion and fatigue, especially
critical in PDEs due to the extremely high loading cycles.

To validate the use of Equation (18), a comparison with a documented past exper-
iment is provided. In a test conducted by the Air Force Research Laboratory (US),
a detonation tube with a 48 mm diameter and a 6.35 mm wall thickness was used.

Applying Equation (18) to this case:
+ tube radius: R = 24 mm;
+ material: stainless steel AISI 316, with a yield strength oy, ~ 792 MPa;

+ initial conditions: T1 = 293 K, P; = 11 bar, stoichiometric hydrogen-air mix-
ture.

CEA results for these conditions are summarized in Table 9:

Property Value
Udetonation [m/S] 2009.1
P,/ Py 16.4
T/ Th 10.6
02/ p1 1.8

Table 9: CEA results for Hy /air mixture at 11 bar and 293 K

Thus, the peak detonation pressure is:

P
P = FZ x P; = 180.4 bar = 18.04 MPa (19)
1

Using Equation (18), the minimum required thickness is:

18.04 x 24
XFS= ————-4x%x3=656mm 20
Tallow 792 ( )

This result closely approximates the 6.35 mm thickness used in the experimental
setup, confirming the correctness of the analysis [42].

The cost of the stainless steel tube depends on its length and thickness, with the
dimensions discussed later in Section 2.8. Following the same procedure used in
Equation (20), the required thickness for different tube radii is plotted in Figure
10, assuming:
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+ initial pressure P; = 11 bar;
+ initial temperature T = 293 K;

+ stoichiometric hydrogen-air mixture.

Radius-thickness relation

1
10 20 30 40 50 60 70 80 90
R[mm]

Figure 10: Required tube thickness as a function of radius for the PDE

Currently, suitable off-the-shelf stainless steel tubes are not available for the re-
quired dimensions. For instance, although a diameter of 48 mm is required,
commercial tubes typically offer a maximum wall thickness of only about 2 mm,
which is insufficient. Thus, a custom manufacturing process is necessary. The

cost for this custom tube, produced by Fratelli Pinato® (Italy), is €120.

— Thrust stand: the detonation tube and linear guide system require a robust sup-
port structure, namely test bench structure. The frame is built using 45x90 mm
aluminum profiles, selected for their strength and modularity. The selected model

is: Aluminum profile 45x90L, from Nikai® (Spain), shown in Figure 11.

O h

5

Figure 11: Aluminium profile, Nikai® [7]

Each profile costs €27,40, and approximately four profiles are needed.

A schematic overview of the structural components of the final experimental setup is
shown in Figure 12.
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Figure 12: Schematic of the PDE structural components [8]
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Note:

— for simplicity, thermocouples are not shown in the schematic. As explained later
(Section 2.5.2), thermocouples are co-located with the pressure transducers. Thus,

the marker ”6” in Figure 12 represents both pressure transducers and thermocou-
ples;

- the number of sensors depicted is only indicative and may differ from the actual
number used in the experiment, which is discussed in Section 2.8;

— other components, such as ion sensors, are not depicted in this schematic for clar-
ity, as the main purpose here is to highlight only the structural elements. A com-
plete configuration, including all sensors, is presented in Section 2.7.

2.5.2 Instrumentation

Pressure Transducers Pressure transducers are mounted axially along the detonation
tube to monitor pressure history, track peak pressures, and reconstruct shock wave pat-
terns, which can be used to build models for performance evaluation. It is essential to
verify that the transducers can withstand the conditions in the channel by comparing
various datasheets to identify the best compromise between efficiency, durability in
harsh conditions and cost.

For pressure range measurements, the CEA results for a stoichiometric H; /air mixture
starting from 11 bar and 300 K are considered, as this is the maximum pressure of in-
terest for the experiments, as stated earlier in Section 2.5.1. This detonation pressure is
used to evaluate the pressure range required for the transducer.

Property Value
Odetonation [m/S] 2008.6
P,/ Py 16.0
T2/ Ty 10.3
p2/p1 1.8

Table 10: CEA results for H; /air mixture at 11 bar and 300 K

The decision to size the pressure transducer for an initial pressure of 11 bar becomes
evident upon comparing Table 10 with Table 3, which refers to an initial pressure of 1
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bar. The ratios for 11 bar are higher, indicating that the pressure to sustain will also be
greater. Specifically, the detonation pressure, P;, is calculated as:

P
P, = FZ . P, =16.0-11 = 176.0bar = 17.60 MPa (21)
1

Thus, the transducer’s measurement range should exceed this value. Furthermore, as
shown in Table 10, the detonation velocity and performance increase with pressure, as
previously discussed in Section 2.5.1.

Given the need for a flexible and adaptable design suitable for both PDEs and RDEs,
piezoresistive transducers are a more suitable choice than piezoelectric ones. Piezo-
electric transducers cannot measure both static and dynamic pressures, making them
unsuitable for RDEs. On the other hand, piezoresistive transducers provide a more
comprehensive pressure profile, capturing both rapid oscillations and mean pressure
trends. Piezoresistive transducers are also more suitable for continuous pressure track-
ing over time, and their miniaturization makes them ideal for aerospace applications.
Furthermore, unlike piezoelectric sensors, piezoresistive sensors do not require exter-
nal amplifiers or special cables, offering a significant advantage in terms of system
simplicity and cost. As discussed in Section 2.5.6, signal conditioning is not necessary,
allowing these sensors to be directly connected to the data acquisition system.

The piezoresistive sensor is selected to be made of silicon, which is an excellent piezore-
sistive material. Silicon’s electrical resistance changes when subjected to mechanical
stress, with a much larger effect than in metals. As stress is applied, the mobility of
charge carriers in the silicon changes, altering its resistivity. When piezoresistors are
placed in a Wheatstone bridge configuration, the change in resistance is converted to
a voltage output proportional to the applied pressure.

To build the experimental rig, it is crucial to understand how to properly mount the
transducers along the detonation tube. The transducers are screwed into a connector,
which is sealed with a Bridgman seal, composed of three different materials, as illus-
trated in Figure 13. This seal is capable of withstanding up to 400 bar, and is specifically
designed to prevent gas or liquid leakage in high-pressure systems. The Bridgman seal
is particularly effective in high-pressure applications, ensuring gas-tight sealing and
measurement accuracy.

Since the mounting of the transducers is critical to their dynamic performance, the
same layout must be used for all locations, while maintaining consistent torque set-
tings for all transducers and fittings during shock tube measurements to ensure the
reliability and comparability of the results.

Since industrial pressure transducers typically have operating temperatures lower than
the detonation tube’s temperature, they must be placed inside water jackets to protect
them from extreme heat and prevent thermal drift. Water-cooled adapters allow pres-
sure sensors to operate in applications with temperatures well above the operating
range of the sensor by providing a stable localized lower temperature environment.
The selected material for the jackets is high-strength stainless steel for the motivations
illustrated before. This part is detailed later in the cooling section 2.5.7.

For the supplier, European providers are preferred due to faster availability and fewer
uncertainties associated with the global market. For this reason, providers such as
Kulite® (USA) and Sino CERA® (China) are considered, but the selected choice is Var-
iohm Eurosensor® (UK).
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Figure 13: Detailed illustration of the piezoresistive transducer mounted along the detona-
tion tube [9]

Upon comparing the datasheets of piezoelectric and piezoresistive transducers, it can
be noted that piezoresistive sensors offer more flexibility in packaging due to the ex-
tremely small size of the sensing element. Piezoresistive sensors can have diameters
smaller than half that of the smallest commercially available piezoelectric pressure
transducers, making them an excellent choice for aerospace applications. As such,
piezoresistive sensors are selected for this application, even though they are more com-
monly used for RDEs. The goal of this test is to make the PDE design versatile, allow-
ing it to be easily converted into an RDE in the future. Moreover, selecting piezore-
sistive sensors aligns with the growing trend in research towards this technology, as it
offers advantages in miniaturization and harsh environment performance. In contrast,
piezoelectric sensors typically have a limited pressure range. For example, the Var-
iohm Eurosensor® piezoelectric pressure sensor, EPT2100, has a pressure range from
250 mbar to 40 bar, which is insufficient for the experiment’s maximum pressure of 176
bar (Equation (21)). On the other hand, the EPT3100 piezoresistive pressure transducer
can measure up to 2000 bar. Since the maximum pressure required for this application
is 176 bar, the EPT3100 is selected, with a pressure range up to 350 bar.

The EPT3100 is a high-quality, all-stainless steel pressure transducer. It features addi-
tional protection against Electromagnetic Interference (EMI) and Radio Frequency In-
terference (RFI), as well as low static and thermal errors, and high resistance to shock
and vibration. This ensures reliable operation at temperatures of up to 125°C, high-
lighting the need for cooling due to the operational temperature range. The EPT3100
guarantees excellent accuracy and long-term stability. It already incorporates a Wheat-
stone bridge, as its output is a voltage (0-10V). Therefore, it can be directly connected
to the multichannel system without the need for an amplifier.

The price of the EPT3100-H-25000-B-4-A (94049001) is €163,54 each. The number of
pressure transducers required depends on the dimensions of the test.
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Figure 14: EPT3100 Piezoresistive pressure sensor, Variohm Eurosensor® [10]

Thermocouples High-frequency sensors are essential for combustion wave speed
analysis and for confirming the existence of detonation. Similar to pressure sensors,
thermocouples are installed along the detonation tube. The number of thermocou-
ples, like that of pressure transducers, depends on the size of the test facility, which
is discussed in Section 2.8. The thermocouples selected for this application have a
temperature range so as to enable the measurement of wall temperature. The wall
temperature increases with both operating frequency and experimental runtime, but
typically remains below 800°C. It is important to note that water-cooling measures for
pressure transducers may have a slight impact on the measured wall temperature. To
minimize this effect, thermocouples are positioned symmetrically with respect to the
pressure transducers.

Both pressure transducers and thermocouples are evenly spaced to ensure uniform
measurement.

Due to their short response time, thermocouples are the most effective sensors for
temperature measurement in PDE applications. The selected thermocouple is Type E,
which has an operating temperature range of -200° C to 900° C, making it particularly
suitable for tracking rapid temperature fluctuations during detonations. The thermo-
couple used in this study is the MCT 19 model from Miiller Instruments® (Germany),
as shown in Figure 15.

Figure 15: Thermocouple MCT 19, Miiller Instruments® [11]

With its compact dimensions (1.9 mm diameter, 26 mm length), this thermocouple can
be seamlessly integrated into complex geometries. The thermocouples are coaxial, al-
lowing for high-frequency measurements and adaptability to different surface shapes.
From the measured surface temperature, the convective heat flux can be derived, con-
sidering the sensor as a semi-infinite body and given the known properties of the wall
material.
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In PDEs, rapid temperature changes occur during detonations, necessitating a sensor
capable of responding instantly. This thermocouple is particularly well-suited for PDE
applications due to its fast response time of only 3us. Type E thermocouples are specif-
ically chosen for their high sensitivity and rapid response, ensuring accurate real-time
temperature monitoring. They are composed of:

— Chromel (90% Ni, 10% Cr);
— Constantan (55% Cu, 45% Ni).

This material combination is highly suitable for high-temperature conditions, typical
of PDEs. Type E thermocouples have the highest electromotive force (EMF) per degree
among common thermocouple types, producing 63 1V /°C, as stated in the datasheet
[11]. This high sensitivity is crucial for applications where temperature variations oc-
cur rapidly, requiring fast and precise sensing.

Additionally:
— Chromel exhibits high oxidation resistance at elevated temperatures;

- Constantan remains stable and does not degrade easily in extreme environments
with combustion gases;

- unlike Type K thermocouples, Type E thermocouples are more reliable in low-
oxygen environments where Type K thermocouples may degrade.

Predicting the useful lifespan of a thermocouple is challenging, even with detailed
knowledge of the operating conditions. In practice, the best approach is to install, test,
and evaluate the performance under actual working conditions. For Type E thermo-
couples, the expected duration of operation is:

— unlimited at < 100°C;
- approximately 35 minutes at 615°C;
— approximately 8 minutes at 715°C.

In such cases, the thermocouple can be refurbished by re-grinding the sensor surface,
effectively extending its lifespan indefinitely. However, since active cooling is applied
in this setup, it is unlikely that refurbishment will be necessary, as the wall temperature
is maintained below these critical thresholds.

One significant advantage of the MCT 19 thermocouples is their versatility in instal-
lation. They can be directly adhered to the detonation tube surface without requiring
special adapters. This eliminates the need for threads or clamps, which would oth-
erwise complicate the installation process. For mounting on a curved wall, as in this
case, the manufacturer recommends applying a small drop of glue, such as Stabilit Ex-
press. However, deepening the analysis, the most adequate glue is the Epoxy Paste
(DP55) of Ardex Cemento® company (Spain). Its cost is €7,15/kg [43].

In applications involving high initial temperatures or elevated pressures, the use of an
additional threaded mounting is advised. Therefore, it is deemed appropriate to also
acquire the M2 thread for this setup.

To ensure versatility and facilitate a potential conversion to an RDE setup, this ther-
mocouple, being suitable for high-frequency measurements, remains a valid choice.
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However, for long-duration or quasi-steady-state measurements, a cold junction com-
pensation with a secondary thermocouple is required. This minor modification would
allow the same thermocouple to be effectively used in both transient and steady-state
conditions.

It is important to note that the thermocouple measurements reflect only the surface
temperature, not the gas temperature. Even though the gas temperature during a det-
onation can reach several thousand degrees, the inner surface of the chamber, which
corresponds to the thermocouple tip temperature, remains significantly lower due to
the short duration of the event.

However, by analyzing the temperature variations along with the thermocouple’s caloric
properties, the heat flux can be determined. For this purpose, the manufacturer strongly
recommends using their proprietary Heat Flux Calculator, which processes measure-
ment data and calculates the heat flux within seconds.

The price of the MCT 19 thermocouple is €1195, while the M2 thread costs €80.

Amplifier As indicated in the thermocouple datasheet [11], an amplifier is required
because thermocouples generate extremely small voltage signals, which must be am-
plified to be usable by measurement instruments or data acquisition systems. Specif-
ically, the thermocouple used in this study has a sensitivity of 63 uV /K, as stated
earlier. This signal is too weak to be directly read by most data acquisition devices. An
amplifier converts the thermocouple’s microvolt-level signal into a higher-level sig-
nal (in the volt range), making it easily readable by electronic systems. Additionally,
thermocouple signals are highly susceptible to EMI from motors, power cables and
other electronic devices. An amplifier plays a crucial role in filtering out noise and
improving measurement accuracy.

To ensure optimal compatibility, the same provider as the thermocouple is selected:

Miiller Instruments®. The recommended model, as specified in the thermocouple
datasheet, is the Multi-Function Amplifier MFA 1000, shown in Figure 16.

AMPLIFIER

status @ ||

Figure 16: Front and Back side of MFA 1000 including power supply (3rd Generation),
Miiller Instruments® [12]
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The MFA 1000 is a precision high-frequency amplifier with adjustable amplification
factors, designed to supply and amplify piezoresistive pressure sensors, thermocou-
ples and similar sensors. It is a fundamental component of this experimental setup
due to its wide frequency range, covering all settings above 1 MHz, making it suitable
for high-speed data acquisition. Its unique capabilities make it particularly well-suited
for experiments involving shock waves and explosion waves, where data must be ac-
quired rapidly. Therefore, it is the perfect choice for this experiment.

Beyond its application in PDEs, the MFA 1000 can also be effectively used in stationary
processes. This means that if the experimental setup is later converted from PDE to
RDE operation, the amplifier will remain suitable, even when the detonation wave
stabilizes.

The MFA 1000 is a high-frequency voltage amplifier with an integrated sensor power
supply. It is available in various configurations, housed with 2, 6, or 10 amplifiers. The
exact number of amplifiers required is determined once the detonation tube size is
discussed, as this defines the number of thermocouples necessary for the experiment.
The cost of the voltage amplifier MFA 1000 is €2480.

Ion sensors Ion sensors are commonly employed in spark-ignition piston engines
to detect knock, misfire and flame flashback. Although their application in PDEs is
relatively uncommon, they are considered highly valuable as they enable more pre-
cise measurements. Whether a detonation or a deflagration, the heat of combustion
and the chemical reactions in the tube of the experiment create ions that are detectable
by an ion sensor. For chemical ionization to take place, the energy released during
combustion must be comparable to the ionization energy of the atoms and molecules
formed. The sensor detects deflagration or detonation when the concentration of ions
is sufficiently high to allow electrical conduction within the circuit. This conduction
is indicated by a voltage drop across a resistor, followed by an exponential rise as the
sensor recharges. By placing two ion sensors at a fixed distance apart, the velocity
of the combustion wave can be determined. This velocity measurement facilitates the
classification of the event as either a detonation or a deflagration. Although temper-
ature could also serve as an indicator of detonation, even the fastest response ther-
mocouples are not fast enough to accurately capture the rapid temperature increase
associated with a detonation wave. Consequently, ion sensor probes are utilized to de-
termine whether the ions generated by the shock wave are detectable. This represents
a notable innovation compared to many previous experiments, which have typically
not employed ion probes. The use of ion sensors is expected to provide a more de-
tailed and accurate understanding of the phenomena occurring within the detonation
channel.

Previous experimental setups that incorporated ion probes primarily focused on hy-
drocarbon -fueled systems rather than hydrogen-fueled configurations. As outlined
in Section 1.6.2, hydrocarbons are less prone to detonation than hydrogen/air mix-
tures. Consequently, it is more critical and urgent to determine whether detonation
occurred in hydrocarbon-fueled cases, as it is inherently less likely to occur compared
to hydrogen-fueled systems. However, employing ion sensors in hydrogen-fueled ex-
periments allows for further investigation into the mass flow rate, pressure and tem-
perature conditions necessary to establish the minimum requirements for detonation.
Identifying these conditions could lead to a more efficient configuration with reduced
mass flow requirements, ultimately decreasing the weight and dimensions of the fu-
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elling system.

The primary advantages of ion sensors include their extremely short response time,
design flexibility and ability to directly monitor reaction fronts of varying intensities
within combustion chambers. Structurally, an ion sensor resembles a needle, typically
composed of nickel or tungsten.

The needle’s tip is inserted into the combustor, while the opposite end is soldered to a
shielded cable connected to an analog-to-digital converter within the data acquisition
system. When a positive potential is applied to the needle, the movement of charged
particles near it changes, decreasing the density of positive ions while increasing the
density of electrons and negative ions. Electrical conductivity near the needle can then
be measured as an electric current via a measuring resistor.

The decision to apply a positive potential to the needle is based on several consid-
erations. In principle, both negative and positive potentials can be applied. With a
negative potential, positive ions are attracted to the needle. However, studies on the
effects of electric fields on flames indicate that the movement of positive ions can alter
the flame shape, leading to the phenomenon of ionic wind. Conversely, when a posi-
tive potential is applied, the needle collects negative charge carriers without affecting
the flame’s shape. The needle’s electric field does not create new charge carriers; it
only detects those already formed by chemical reactions. Given these factors, apply-
ing a positive potential to the needle is preferable. Furthermore, the removal of both
negative and positive charge carriers has no significant impact on the chemical reac-
tion process. This ensures that the ion sensor introduces minimal perturbations into
the combustion process, maintaining the integrity of the measurements.

Ion sensors based on conventional automotive spark plugs offer several operational
advantages:

1. they can withstand extreme temperatures and tolerate significant pressure varia-
tions;

2. ion sensors, unlike pressure and optical sensors, are well-suited for long-term
testing under repeatable DDT in a PDE or RDE;

3. finally, ion probes are both inexpensive and robust.

The wave speed, U, is calculated using the time-of-flight methodology between ion
probes, as expressed in Equation (22):

Xip (1) — Xipi
u — IP,(I"‘].) IP, (22)

trp,(i+1) — t1p,

The ion probe signals exhibit a rapid voltage drop as the detonation wave passes, al-
lowing the time difference (f;p ;;1) — f1p,i) to be extracted. Given the known spacing
between ion probes (X;p ;1) — Xip,i), the wave speed can be calculated. It is benefi-
cial to mount ion sensors in the middle of the Shchelkin spiral to accurately assess its
effect.

Regarding the adaptability of this experimental setup for conversion to an RDE, ion
sensors play a crucial role in RDE because:

— they allow the evaluation of the rotation frequency of the detonation wave using
Fourier transforms;
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- the voltage trace is analysed to identify peaks corresponding to wave arrival times
and to derive frequency response and power spectra;

— by comparing the rotation frequency measured by ion sensors with that recorded
by pressure transducers, their consistency can be verified;

- using ion probe measurements in combination with known probe positions, wave
directionality and speed can also be determined for an RDE configuration.

Therefore, this type of sensor is valuable for both PDE and RDE applications without
requiring design modifications of this type of probe. For an annular RDE, ion sensors
are installed on the RDE combustor wall with threaded mounts flush with the inner
combustor surface, sealed using silicone sealant.

For the RDE case, the time interval between consecutive pulses observed in the ion
probe voltage differential data represents the cycle time. This time can be used to
estimate the average rotational wave speed. Accordingly, Equation (22) simplifies to:

D
S —
tRot

(23)
where:

— tRot is the time between two consecutive spikes in the ion sensor differential data,
corresponding to the time taken by the detonation wave to complete one full ro-
tation within the RDE channel;

s is the average rotational wave speed;

D is the outer diameter of the RDE channel;

7tD is the outer circumference of the RDE channel.

The possible challenge associated with the employment of ion sensors for PDEs or
RDEs is that hydrogen combustion may lead to water deposition on tube walls, form-
ing weak electrolytes that can cause sensor short circuits.

Ion sensors have a wide dynamic range of ion current and a response time of only 2ys,
making them perfectly suitable for this experiment. The spark plug selected for the ion
sensor is the NGK Spark plug C9E (7499), manufactured by SparkPlugs® (UK). This
spark plug features nickel alloy electrodes and is depicted in Figure 17.
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Figure 17: Spark Plug NGK C9E (7499), SparkPlugs® [13]
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The pure alumina silicate ceramic insulator provides strength and allows operation
at extreme temperatures, such as those encountered in a PDE or RDE. As previously
mentioned, this sensor is highly cost-effective, priced at €6,68 per unit. As stated ear-
lier, the number of ion sensors is constant (two), regardless of the experimental setup
dimensions.

Flow meters Accurate measurement of the mass flow rates of fuel and oxidizer is
essential for assessing the performance of a PDE, particularly in terms of specific im-
pulse and specific thrust. Another critical performance parameter is the filling fraction
of the detonation tube, which refers to the volume percentage occupied by the reactant
mixture during the filling phase. Prior studies have demonstrated that partial filling
of the detonation tube can enhance PDE performance.

To monitor the fuel and oxidizer mass flow rates, dedicated flow meters are installed
in their respective supply lines. This allows for the selection of flow meters most suited
to each gas type. Since the flow meters are installed upstream of the detonation tube,
they are not subject to extreme pressure or temperature conditions. As one flow meter
is used for each of the two propellants, fuel and oxidizer, the total number (i.e., two)
and associated cost of these components remain constant, regardless of the detonation
tube dimensions. This contrasts with pressure transducers and thermocouples, whose
required quantity and cost scale with the size of the tube.

For the oxidizer line, the selected flow meter is the CS Instruments VA 500 (CS Instru-
ments GmbH & Co. KG ®, Tannheim, Germany), as shown in Figure 18a. This sensor
features a compact design with an integrated display showing flow rate, gas velocity
and temperature. It is compatible with multiple gases, including air, nitrogen, argon,
nitrous oxide, CO,, oxygen and natural gas. Because the VA 500 is not compatible
with hydrogen, a different flow meter must be selected for the fuel line. The VD 500,
manufactured by CS Instruments GmbH & Co. KG ®, is selected as it serves as the
hydrogen-compatible counterpart to the VA 500.

According to its datasheet [44], VA 500 can operate at pressures up to 50 bar, well
above the 11 bar maximum expected in the oxidizer supply line. Similarly, the VD
500 is rated for operation at pressures up to 20 bar [45], making it fully suitable for
the experimental conditions. Regarding the temperatures, the flow meters’ datasheets
specify a maximum allowable pre-heating temperature that the system can withstand:
70°C for the oxidizer and 180°C for hydrogen. These limits must be carefully consid-
ered during the experimental campaign.

The flow meter configuration used in the experimental setup is also applicable to an
RDE without requiring any modifications. Consequently, the objective of establish-
ing a versatile experimental configuration is successfully met, even with this type of
Sensor.

It is crucial that the recorded pressure, temperature and flow rate for each test are syn-
chronized between the two flowmeters to improve data accuracy and enable precise
evaluation of performance parameters.

The cost of the VA 500 is €2592, while VD 500 is priced at €4300.

The selected flowmeters are equipped with a Modbus output; therefore, neither an am-
plifier nor an analog-to-digital converter is required, as the data is already provided in
a precise digital format. All data are acquired and logged using LabVIEW® software
interfaced with pressure transducers, thermocouples and load cell, or alternatively,
using MATLAB®.
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Figure 18: Flow meters for oxidizer and fuel

The specific impulse can be evaluated from the pressure, temperature and volumetric
flow rate data as follows. First, the volumetric flow rate measured by the flow meter
is converted to a mass flow rate using the equation:

M; = pjv; (24)

where p; is the density of the i-th species (oxidizer or fuel) and v; is the volumetric flow
rate of the i-th species. The density p; is determined using the measured pressure (p;)
and temperature (T;) from the sensors incorporated in the mass flow meter, according
to the following equation:

o Pi
Pi=RT (25)

where R; is the specific gas constant. Once the mass flow rates for both fuel and oxi-
dizer are determined, the equivalence ratio ¢ is calculated as:

M ue / Moxi izer
(P _ ( Mf 1 d (26)
Vfuel

Moxidizer ) stoichiometric

The total specific impulse is then calculated using the mass flow rates obtained from
Equation (24), the thrust (T, measured by the load cell) and the gravity acceleration (g)

as follows:
T

8 (Mfuel + Moxidizer)

Iyp = (27)

Finally, the fuel-specific impulse, which is useful for comparisons and is employed in
Section 1.8, is calculated as: .

Lf= ——
g Mfuel

pf — (28)
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Load Cell A load cell is used to measure the thrust generated by the PDE. Two con-
tigurations are considered and compared.

The first setup involves measuring the thrust generated at the closed end of the PDE
tube using a load cell integrated into a spring-damper mechanism. The PDE tube is
mounted on a low-friction rail that permits motion in the x-direction, as depicted in
Figure 19. The load cell is placed vertically beneath the experimental model, connect-
ing the movable system to the fixed test rig. It is axially aligned with the PDE to
minimize errors and measure thrust exclusively in the x-direction. The chosen load
cell for this configuration is the STA-3-100 from LCM Systems® (Newport, UK) [46].
The cost of this model is €195,28.

rail wheels
/ ‘/\
1T TT

detonation tube

load cell  gpring & damper

Figure 19: Schematic diagram of the load cell in the experimental setup [14]

The load cell requires signal amplification [46]. However, the amplifier used for ther-
mocouples is incompatible due to differing signal characteristics. The amplifier se-
lected for the first configuration is the Model 9236-V300 from Burster Prazisionsmesstech-
nik GmbH & Co® (Germany) [47]. The cost of the amplifier (1 channel version) is
€322,50.

To mitigate electrical noise, a low-pass filter is to be implemented with a cutoff fre-
quency below 60 Hz. This choice reduces power line interference (typically 50 or
60 Hz) and ensures that only relevant low-frequency signals from the load cell are
recorded. The selected filter costs less than €10 and is easily sourced within the uni-
versity; hence, no specific company is mentioned.

The spring and damper constants (k and c) of the mechanism must be experimentally
determined. For this purpose, the history of the impulsive force from the PDE must
be evaluated. Thus, the components are not specified yet, as the exact characteristics
will be defined during testing. As a price reference, a typical spring suitable for this
application costs approximately €5, while the damper does not exceed €100.

The accuracy of spring-damper system may degrade in single-cycle experiments due
to structural acceleration and inertial effects. However, this method is well-established
in prior experiments, which justifies its detailed discussion above.

For unsteady thrust measurements, a fast-response load cell is favored. This is the
second configuration analysed: the PDE is mounted on a nearly frictionless rail and
pushes against the load cell during detonation, as shown in Figure 12.

The measurement of unsteady thrust generated by PDEs is further complicated by
stress waves, pulse-to-pulse interactions and cyclic oscillations. The high-frequency
components introduced by stress waves are specific to each experiment—depending
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on factors like material properties, engine geometry, and reflective surfaces—and must
be filtered out. Importantly, these sources of error also affect systems using spring-
damper mechanisms for time-averaged thrust measurements. Therefore, this issue is
not unique to the second configuration and should not be viewed as a specific draw-
back of that approach.

To extract true thrust values, inertial forces caused by oscillations are compensated
for. A transfer function characterizing the rig’s dynamic response is obtained through
impulse testing. By applying a known input (e.g., a single detonation wave), and mea-
suring the output, the system’s transfer function /(¢ — 1) is determined. This enables
deconvolution of the thrust signal to recover the actual unsteady thrust by alleviating
the effects of stress wave propagation and pulse-to-pulse interaction.

However, this deconvolution procedure alone is insufficient to isolate the true thrust,
as it does not account for inertial contributions from structural motion. The vibrations
of the test rig, particularly when large and massive, introduce additional forces that
must be corrected separately. Assuming a linear relationship between the rig’s accel-
eration and the corresponding inertial force, the acceleration-compensated thrust can
be expressed as:

Feomp (t) = E(t) — meg age(t) (29)

where:

— E(t) is the deconvolved thrust signal derived from the system’s transfer function;

Meff is the effective oscillating mass of the structure;
— agi;(t) is the filtered acceleration of the thrust measurement rig;
— Feomp(t) is the true thrust output, corrected for inertial effects.

To determine the effective mass, the free vibration response of the system is analysed.
This is achieved by delivering an impulsive force using an instrumented impact ham-
mer and recording the structural oscillations with a load cell and an accelerometer
mounted on the thrust stand.

Due to the rapid transients involved in PDE operation, the load cell must exhibit a
very fast response time. For this configuration, the selected load cell is the 9323AAA,
manufactured by Kistler® (Switzerland), as shown in Figure 20. This model offers
high measurement accuracy (33 pC/N), as specified in the datasheet [15]. Its force
range (0-5000 N) is well-suited to PDE applications. Based on piezoelectric sensing
technology, the 9323AAA is particularly appropriate for high-frequency applications.
Its mounting system is both simple and adaptable, with flanged connections on both
ends allowing for compatibility with a wide range of mechanical setups. The unit cost
is €2300.

In general, the thrust is expected to be oriented along the x-direction. In the event of
any deviation from the x-axis, the load cell’s sensitivity diminishes due to crosstalk
[15]. In extreme cases, a multi-sensor setup (e.g., with four load cells) might be re-
quired. However, based on previous experiments, the thrust has consistently been
along the x-axis. Nevertheless, this factor should be taken into consideration during
testing.
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Figure 20: Load cell 9323AAA, Kistler® [15]

The signal output from the load cell requires amplification. The recommended ampli-
fier for this application is the 5018 A1000, also by Kistler®, depicted in Figure 21.

Figure 21: Amplifier 5018 A1000, Kistler® [16]

Only one channel is necessary, as a single load cell is employed. The amplifier is both
accurate and versatile. Its price is €5000.

Following a comparative analysis of the two configurations considered, configuration
2 (involving the piezoelectric load cell and amplifier) is selected, despite its higher
cost relative to configuration 1 (spring and damper system). This decision is made
based on its significantly greater accuracy and its capability to capture rapid changes
in unsteady thrust. Although configuration 2 is far more suitable for the intended
application, configuration 1 has been described as a viable, cost-effective alternative
that has been widely used in past experimental setups.

With regard to the usual emphasis on the versatility of the experimental setup to allow
for an easy transition to an RDE configuration, the setup incorporating the load cell is
also fully compatible with RDE testing, as illustrated in Figure 22. As in the case of the
PDE, the load cell measurements in the RDE configuration must also be complemented
by accelerometer data.

It is important to note that the load cell remains a single, fixed component regardless of
the engine size, unlike pressure transducers and thermocouples, whose quantity and
arrangement may vary depending on the length of the experimental setup.
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Figure 22: RDE thrust measurement apparatus [17]

As with the other sensors (pressure transducers, thermocouples and mass flow me-
ters), data acquisition is handled via LabVIEW® or MATLAB®.

Accelerometers For the acceleration compensation procedure, as described in the
section concerning the load cell, two accelerometers are utilized, as illustrated in Fig-
ure 12. One is mounted on the engine, and the other on the thrust stand. This config-
uration enables measurement of the acceleration of the entire structure during engine
operation. The selected model is the 353B34 accelerometer from PCB Piezotronics®
(German division), shown in Figure 23.

Figure 23: 353B34 Accelerometer, PCB Piezotronics® [18]

This sensor provides high sensitivity and is particularly well-suited for high-frequency
applications, owing to its quartz sensing element. Its resonant frequency exceeds
22kHz [18], making it appropriate for use in a PDE system.

Regarding thermal conditions, as depicted in Figure 12, the accelerometers are po-
sitioned upstream of the DDT zone—where the Shchelkin spiral is located. Conse-
quently, they are not exposed to the extreme temperatures sustained by the detonation
tube. According to the datasheet, the operating temperature range of -54°C to +121°C
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is more than adequate for this configuration [18]. The cost of each accelerometer is
€560.

The 353B34 model is highly versatile in terms of mounting options, supporting six
distinct installation methods, including standard mounting, adhesive mounting and
threaded mounting.

It is important to note that the measured acceleration includes all excited vibration
modes of the thrust measurement rig, as the selected accelerometer is capable of de-
tecting frequencies up to 12 kHz [18]. Consequently, using the raw acceleration data
may result in an overestimation of the inertial forces. Therefore, the signal is filtered
before being used to compute these forces. A suitable method for filtering the accel-
eration signal is through the use of a Butterworth low-pass filter. The MAX291, an
8th-order Butterworth filter from Maxim Integrated® (USA), is selected for this pur-
pose [48]. The unit cost is €9,62.

As previously discussed in the section on the load cell, this design is also compatible
with RDEs, requiring no modifications. Furthermore, the cost remains unaffected by
the dimensions of the PDE tube, unlike pressure transducers or thermocouples, since
the number of accelerometers used remains constant—two units per setup.

Figure 24 illustrates the positioning of the instruments within the experimental setup.

el
U

Figure 24: Schematic representation of the instruments in the PDE setup. 1) Thrust Stand;
2) Load Cell; 3) Accelerometers; 4) Shchelkin Spiral; 5) PDE Tube; 6) Pressure Transducers /
Thermocouples; 7) Slide; 8) Ion Probes; 9) Amplifier for load cell; 10) Butterworth Low Pass
Filter for accelerometers; 11) Amplifiers for thermocouples

For the sake of simplicity and clarity:

— only one ion sensor is shown: however, two are actually installed along the sec-
tion with the spiral;

— wherever a pressure transducer is indicated, a thermocouple is also present in the
same section;

— the number of sensors illustrated is indicative: the final number depends on the
dimensions of the setup, as discussed in Section 2.8;
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- flowmeters are not depicted in Figure 24, as they are located along the feeding line
rather than along the detonation tube. They are included in the final schematic of
the setup (Figure 48, Section 2.7).

High speed camera The high-speed digital camera is employed in this study to cap-
ture rapid transient phenomena associated with PDEs. Specifically, its usage serves
the following purposes:

- to investigate whether detonation occurs;
- to analyse the flame propagation and identify the DDT;

— to study the evolution of the shock wave and other shock-dynamic characteristics
during the initial stage of the exhaust flow;

- to visualize variations in velocity, density, flow direction and unsteadiness.

High-speed cameras are particularly beneficial in fluid dynamics research due to their
high temporal resolution and non-intrusive nature, allowing detailed visualization of
flow phenomena without disturbing the flow field.

The Schlieren technique is based on fundamental principles of optics. In a homo-
geneous medium (e.g., vacuum), light travels in straight paths at constant velocity.
However, in an inhomogeneous medium such as a moving fluid, changes in refractive
index cause light rays to bend (refract), resulting in observable distortions—known as
schliere—which can be visualized using appropriate optical techniques. High-speed
Schlieren imaging is therefore employed to capture fine-scale shock dynamics and den-
sity gradients in the exhaust region of the PDE.

A high-speed digital camera, Photron® FASTCAM NOVA S-SERIES S9 (Europe divi-
sion) (Figure 25), is selected for its:

- megapixel resolution;
— ultra-sensitive sensor;
— ultra-high-speed capability (up to 775,000 fps).

These features make it particularly well-suited for capturing fast transient phenomena
such as those occurring in PDEs. This represents an enhancement over previous ex-
periments, which employed the FASTCAM SA-5. The NOVA S-Series camera offers
several upgraded features, including improved sensitivity, a more advanced design,
superior image quality, reduced noise and faster acquisition rates. Additionally, a key
advantage of this camera is its upgradeability: it can be easily extended to a higher-end
model without the need to purchase an entirely new system. Only certain hardware
components need to be replaced. The onboard memory, used for recording events
and image sequences, can also be upgraded—from the default 8 GB up to 128 GB.
Therefore, if memory requirements are unclear at the beginning, the upgrade can be
performed later without significant modifications or costs.

The optimal frame rate must be selected experimentally as it depends on the specific
characteristics of the final setup and the speed of the detonation wave. Therefore, this
parameter cannot be fixed at this stage.

The camera is available with either a color or monochrome sensor, with the latter being
more suitable for this application.

The cost of a new camera of this type is approximately €40 000.
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Figure 25: Photron® FASTCAM NOVA S-SERIES S9 [19]

It connects to the control PC via Ethernet, supporting speeds from 1 Gbit up to 10 Gbit.
Additionally, an external high-speed drive can be connected for faster data transfer
beyond 10 Gbit, allowing data to be written directly to the external drive.

To overcome the complexity and high cost of classical Schlieren setups, the Background-
Oriented Schlieren (BOS) method is adopted as a modern, flexible and computational

alternative. A schematic of the traditional setup used in previous experiments is shown

in Figure 26. This classical z-type Schlieren system employs two 6-inch parabolic mir-

rors to collimate and refocus the light beam. Although effective, such a configuration

requires bulky and expensive components:

- two AD131 parabolic mirrors at €145,31 each (GSO® (Taiwan));
— one knife edge from Edmund Optics® (UK) at €82;
— one collimator from Edmund Optics® (UK) at €370.
The total cost of these components amounts to 2 - 145,31 + 82 4- 370 = €742, 62.

To reduce these costs and simplify the experimental setup, the BOS method is imple-
mented (Figure 27). It eliminates the need for large optical elements by relying on dig-
ital image processing of a patterned background viewed through a refracting medium.
A pulsed LED light source, the Luminus® PT-120TE (Belgium), is selected for its com-
patibility with high-speed BOS imaging [49]. Its advantages include:

- excellent performance with frame rates exceeding 10000 fps;
- cost-effective solution (€128,48).

To create the random optical background required by BOS, 120-grit ground glass dif-
fusers (Edmund Optics®, UK) are employed [50]. The diffuser must provide:

— uniform diffusion;
- high transmittance to allow the LED light to pass through efficiently;
— compatibility with high acquisition frame rates.

The cost of the diffuser is €17,75. Thus, transitioning from the traditional Schlieren
setup to the BOS configuration results in net savings of €742,62 — 17,75 = €724, 87.
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Figure 26: Illustration of the experimental setup featuring the pulse detonation combustor
and high-speed traditional Schlieren system [20]

Figure 27: Schematic of the BOS setup [21]

For optimal performance with high-speed imaging systems, the BOS setup is arranged
in transmission mode. A pulsed LED source is placed behind the patterned back-
ground, acting as a backlight, as shown in Figure 28. This configuration maximizes
the light intensity reaching the camera, which in turn minimizes the LED pulse dura-
tion, enhancing both measurement sensitivity and spatial resolution.

During engine operation, exhaust-induced density gradients distort the background
image. The high-speed camera captures both reference (undisturbed) and flow-disturbed
images, which are later analysed using digital image correlation techniques.

Standard FFT-based cross-correlation algorithms (e.g., in MATLAB® or MatPIV®) are
used to compute background displacement fields. Additionally, BOS can be used to
estimate flow velocity fields by applying Particle Image Velocimetry (PIV) software to
the displacement data.
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Figure 28: Scheme of BOS setup for PDE experiments [22]

The BOS technique employs a camera that captures images of a patterned background,
and any variation in refractive index along the optical path (due to flow-induced den-
sity gradients) causes light rays to deviate slightly. These deviations appear as small
displacements in the background pattern when compared to a reference image taken
in quiescent conditions. As illustrated in Figure 27, a point on the background B that
would normally be imaged along a straight (dashed) optical path is instead observed
along a refracted (solid) path due to the presence of a Schlieren object S. The resulting
lateral displacement Ay on the image sensor is caused by the refraction angle €, which
is related to the gradient of the refractive index. According to Schlieren theory, for a
two-dimensional flow field and under the assumption of a constant gradient along the
optical axis z, the refraction angle is given by:

sy:% %dz:%g—; (30)
where:

— €y is the refraction angle in the vertical direction;

— n is the local refractive index;

— N 1s the ambient refractive index;

Z is the optical path length through the flow;

g—; is the refractive index gradient in the vertical direction.

For more complex or asymmetric flows, additional processing (e.g., Abel inversion or
tomographic reconstruction) is required to recover quantitative density fields.

By converting the refraction-induced displacements (¢, and ¢, ) into grayscale values
across a 2D image matrix, a pseudo-Schlieren image is generated. This visualization
closely resembles traditional Schlieren images and is sufficient for qualitative diagnos-
tics in highly unsteady and complex flow fields, such as those in PDE exhausts.

In conclusion, the BOS technique offers significant advantages over traditional Schlieren
methods, particularly in the context of PDE research:

— lower cost due to the elimination of mirrors, collimators and knife edges;
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- simplified setup that is more compact and easier to align;
— wide field of view, useful for observing large-scale flow features;

- compatibility with high-speed imaging, enabling time-resolved visualization of
transient shock and density phenomena.

For these reasons, it is increasingly recognized as a practical and cost-effective tech-
nique for advanced experimental fluid dynamics studies.

Regarding compatibility with an RDE configuration, the selected high-speed camera
model is entirely suitable. This is supported by its prior use in RDE-related experimen-
tal studies. Similarly, the BOS setup remains fully applicable to RDE investigations, as
outlined in Figure 28. A key aspect specific to RDE analysis is the determination of
the average rotational speed of the detonation wave. This can be estimated through a
digital image processing method to track the angular displacement of the wave across
successive frames. The corresponding average wave speed is then computed using the

following formula:

. D 0 /360 (31)

nt
where:

— D is the outer diameter of the RDE channel;
— T is the time interval between consecutive frames;
— nis the number of frames required for one full rotation of the wave;

— 0 represents the angular displacement of the wave (in degrees) observed over n
frames.

These velocity measurements can be compared with those obtained from other diag-
nostic techniques, such as ion probes.

It is important to note that, regardless of the total tube length, only a single high-speed
camera is required for the PDE/RDE visualization setup, as illustrated in Figure 28.

2.5.3 Fuel/oxidizer system

Tanks The system includes dedicated tanks for the oxidizer, the fuel and the purge
gas (nitrogen). As previously stated, the maximum initial pressure for the propellants
is 11 bar for experimental purposes; therefore, pressurized tanks are required.

- Pressurized Hydrogen Tank: a stainless steel tank certified for high-pressure hy-
drogen storage is selected. Given the lower density of hydrogen compared to air,
a larger volume is required. This type of tank is commonly available through
various suppliers and is often already present in university facilities. An indica-
tive model is the 2000 L hydrogen storage tank provided by Wenzhou Rayen
Machinery® (China), made of stainless steel and rated for a working pressure
of up to 60 bar. Estimated cost: €1320.

- Compressed Air Tank: a 10-liter stainless steel tank (316L), rated for 11 bar. This
type of tank is widely available and can typically be sourced within the university.
An indicative model is the SERB0010-OR-INOX316L by APIPlus® (Italy), priced
at approximately €550.
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- Nitrogen (N;) Tank: a 10-liter steel tank rated for 200 bar. The selected model is
the ALPHAGAZ 1 by Air Liquide® (Spain), with an estimated price of €111,32.

For simplicity, the dependency on the size of the experimental setup is not considered
here, as the selected tank capacities are deemed sufficient for standard PDE configura-
tions.

Injectors The selected gas injector is the AFS Gs60-05 5-C series, manufactured by
Alternative Fuel Systems Inc® (Canada), as shown in Figure 29. This model is chosen
due to its compatibility with hydrogen, air and nitrogen, as well as its fast response
time, making it well-suited for high-frequency pulsed injection applications. Each in-
jector is priced at €438,27. In the present study, they are used to achieve precise control
over the timing and delivery of the propellants. The injectors are actuated by signals
originating from the proximity sensor and the rotary valve, as described in the fol-
lowing paragraph. These signals are processed by the driver, which converts standard
inputs into control currents necessary to operate the injectors” high-speed solenoids.
The injectors demonstrate typical response times of less than 2 ms: this characteristic
makes the AFS Gs60-05 5-C series particularly suitable for high-frequency gas injection
in PDE systems.

The number of injectors is independent of the PDE tube length; it remains fixed at three
units: one for hydrogen, one for air and one for nitrogen. As a result, the total injector
cost is constant regardless of the scale of the experimental setup.

Figure 29: AFS Gs60-05 5-c series, Alternative Fuel Systems Inc ® [23]

With regard to the potential versatility for use in an RDE configuration, the same type
of injectors can be employed to introduce the propellants into the predetonator, as il-
lustrated in Figure 22, which corresponds to a standard PDE tube. Consequently, the
injector configuration remains unchanged from that of the PDE, as the PDE can be
considered an integral component of the RDE—specifically, serving as the predetona-
tor section.

Rotary Valve The development of an effective valve system is critical to the practical
realization of a PDE. The ability to intermittently supply the propellants while pre-
serving the PDE’s simplified structure demands a valve solution capable of achieving
high mass flow rates and operating frequencies. This requirement is especially crucial
for obtaining a high thrust-to-weight ratio.

Fuel and oxidizer injection in PDEs has traditionally been achieved through mechani-
cal systems such as high-speed solenoid valves or rotary valves. While solenoid valves
are widely used due to their fast actuation and simplicity, they exhibit critical limita-
tions. Residual magnetism in the valve body often causes delays in valve closure,
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limiting their operational frequency. Although high-speed solenoid valves can exceed
100 Hz, their individual flow capacity is typically insufficient for practical applications
in PDEs. Scaling the flow by using multiple solenoid valves becomes infeasible for
larger detonation tubes due to complexity, cost and system bulk. Therefore, solenoid
valves cannot work efficiently beyond a certain frequency.

Given the shortcomings of solenoid valves, rotary valves have emerged as a promis-
ing alternative for high-frequency injection. Rotary valves can handle larger mass
flow rates per unit and operate efficiently at elevated frequencies. Although these
systems often require additional driving mechanisms—such as electric motors—and
incorporate more complex mechanical structures, they offer a more scalable and ro-
bust solution. Additionally, rotary valves can be configured for single- or multi-tube
PDEs. A multi-tube design can serve for an RDE, where multiple PDE tubes operate
in sequence, as shown in Figure 22. Several rotary valve designs are reported in the
literature, typically featuring a rotating component that opens and closes propellant
passages.

This setup follows the recent trend toward rotary valve solutions and presents a coax-
ial rotary valve capable of injecting three separate gases—fuel, oxidizer, and purge
gas—into the PDE combustor. The valve consists of three main components:

1. atop cover;
2. arotary disk;
3. acasing.

All the components are constructed from aluminum alloy (A7075). Based on the di-
mensions used in a previous experiment, the rotary disk (diameter: 92.6 mm) is en-
closed between a top cover and a square casing (100 mm x 100 mm). It is driven by an
external electromagnetic motor, as illustrated in Figure 30.

top cover rotation direction casing
H-OZ Ho
=)
N N
==>0¢ 0 ==>
AIR AIR
=
supply port rotating disk ~ exhaust port

Figure 30: Schematic of a coaxial rotary valve [24]

The rotary disk features elongated ports that align with the supply and exhaust holes
on the top cover and casing during operation. As the disk rotates clockwise, the long
holes intermittently match the ports (marked as black dots in the top view in Figure
31), enabling gas injection into the combustor.
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Figure 31: Positions of the rotary disk during various phases of the PDE cycle as viewed
from the top cover side [25]

Figure 31 illustrates the positions of the rotary disk during the different phases of the
PDE cycle. When the rotor valve is open (i.e., the combustor entrance is open), air is
allowed to enter and fuel is injected. The fuel mixes with the air as it passes through
the combustor entrance. When the rotor valve closes, the fuel/air mixture is injected.
The spark igniter is then activated, leading to detonation and blowdown before the
rotor reopens to initiate the next cycle. The rotary disk is positioned within the space
between the top cover and the casing, and external torque is applied via the rotating
shaft attached to the disk. The top cover and casing contain holes, shown as black dots
in Figure 31, which serve as the supply and exhaust ports for propellant and purge
gas, respectively.

Gas leakage highlights the importance of effective sealing strategies: teflon rings are
to be installed at the sliding interfaces for sealing (surfaces of the rotary disk) and
lubricated with silicon oil.

The rotary valve is actuated by an electromagnetic motor. The selected model is the
Tamagawa Seiki TS4613, provided by Tamagawa Europe GmbH® (Germany), as shown
in Figure 32. It is priced at €1050. This high-voltage model (AC 200V) has a power con-
sumption of 600 W [26]. The rated torque of 1.91 Nm is well-suited to this application,
where the expected torque demand lies between 0.34 and 0.45 Nm. Additionally, the
motor’s nominal speed of 3000 rpm enables an operating frequency exceeding 200 Hz.

Figure 32: Tamagawa Europe GmbH® electromagnetic motor Seiki TS4613 [26]
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Commercially available rotary valves are not suitable for this application, and thus a
custom-designed solution is required. The motor must be mounted coaxially with the
valve shaft to ensure proper alignment and performance.

A flexible coupling is required between the motor and the shaft to absorb dynamic
loads and ensure mechanical integrity during operation. The selected coupling must
be capable of withstanding the motor’s rotational speed (i.e, 3000 rpm [26]). The pro-
posed solution is the BoWex-ELASTIC® highly flexible flange coupling [51]. It is priced
at €169.

The rotary valve, as shown in Figure 30, is custom-built and requires several aluminum
alloy components: the top cover, rotating disk, casing and shaft. Aluminum alloy
A7075 has been selected due to its exceptional mechanical properties and widespread
use in high-performance applications. The estimated total cost for the aluminum mate-
rial and, more significantly, the machining of these components is approximately €600.
For sealing, Polytetrafluoroethylene (PTFE) O-rings (model OR-13X2-PTFE) are se-
lected from Rollakin® (France) [52]. PTFE sealing material is considered thermally
stable and retains its mechanical properties within a temperature range of -200°C to
+260°C. The cost is €1,8 per unit.

Spark igniter and fuel injection timing are accomplished via a custom LabVIEW® rou-
tine which monitors the rotor position, or alternatively via MATLAB®. A digital in-
put/output board (selected in Section 2.5.6) receives input from an inductive proxim-
ity sensor, mounted in the rotor housing, to determine the rotor position. The selected
proximity sensor is the Omron® TL-Q5MC1-Z inductive proximity sensor (Europe di-
vision) [53]. The sensor is priced at €29,65. The TL-Q5MC1-Z operates based on the
inductive effect, detecting the presence of metallic or ferromagnetic materials to acti-
vate an output signal. It is employed to detect a specific rotor position, thereby syn-
chronizing ignition timing with the rotary valve. This allows for precise control of the
ignition phase, enabling repeatable experimental conditions. When the sensor detects
the trigger (i.e., the correct rotor position), it sends a digital signal to the ignition sys-
tem, which then actuates the spark plug.

A schematic representation of the test apparatus is provided in Figure 33, showing the
rotary valve integrated into the PDE configuration.

proximity
sensor r- ignition circuit |
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trigger shaft

Figure 33: Schematic diagram of the PDE test setup (top view) [27]

Regarding compatibility with an RDE, the rotary valve design is transferable. In typ-
ical RDE setups, ignition is initiated via a predetonator (a short detonation tube). As
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shown in Figure 22, the same valve can be employed in this role, benefiting from the
initial testing and development conducted using the PDE configuration. This mod-
ularity is advantageous: by first validating the rotary valve’s operation in a PDE, it
can later serve as the predetonator in an RDE. This staged approach enables better
experimental control and understanding through step-by-step subsystem validation.

One way valves For safety purposes, one-way valves (check valves) are installed on
all gas lines. These components allow fluid (air or fuel mixture) to flow in only one
direction, thereby preventing any backflow.

The selected model is the AKM2000-F01-A SMC Pneumatic® Check Valve (Europe di-
vision), as shown in Figure 34.

e

Figure 34: AKM2000-F01-A SMC Pneumatic® Check Valve [28]

— Main body: made of PBT (polybutylene terephthalate), a high-performance plas-
tic known for its mechanical strength and chemical resistance;

— Seals: while Nitrile Butadiene Rubber (NBR) seals are standard, for high-temperature
or chemically aggressive environments, it is advisable to use FKM (Viton) or PTFE
seals.

The selected seal manufacturer is Rehm Dichtungen Ehlers GmbH® (Germany), which
offers PTFE gaskets that can be custom-made to match the dimensions of the valve.
For this purpose, the CAD model provided by the manufacturer is essential [28]. The
current cost of the valve is €21,82.

All three gas lines are equipped with check valves. It is recommended to install a one-
way valve on each supply line, positioned immediately upstream of the injectors, as
shown in the final schematic (Figure 38). This configuration ensures that, in the event
of flashback or pressure fluctuations, reverse flow cannot reach the supply sources.
The number of check valves is independent of the PDE tube length, as there are always
three, corresponding to the three fluid lines.

This installation strategy remains valid for RDE configurations as well, with no change
in valve positioning compared to the PDE case.

Flame arrestors For safety purposes, flashback arrestors, like check valves, are in-
stalled on each of the three gas lines. While check valves are designed to prevent
reverse gas flow, they are not always sufficient to stop flame propagation or withstand
shock waves resulting from a flashback. Therefore, flashback arrestors are employed as
an additional and more robust safety measure. A flame arrestor is a device that allows
gas to flow in the intended direction while preventing flame transmission through the
pipeline. Its primary function is to halt flashbacks, which are sudden reverse flame
fronts that can travel back toward the gas supply. This is especially critical when us-
ing hydrogen, which has an exceptionally high flame propagation speed and a wide
flammability range, as demonstrated in Section 1.9 using the NASA CEA code.
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The flashback arrestor selected for this experiment is the FI00N-ES model, manufac-
tured by WITT-Gasetechnik GmbH & Co. KG® (Germany), as shown in Figure 35.

Figure 35: Flashback Arrestor F1I00N-ES, WITT-Gasetechnik GmbH & Co. KG® [29]

This device is suitable for hydrogen and air at pressures up to 17 bar and is constructed
from stainless steel. It incorporates three integrated safety components, as detailed in
Figure 36:

1. gas non-return valve (1): prevents the backflow of gas. In the event of reverse
flow, the spring-loaded non return valve (2) activates immediately, stopping the
return flow and preventing the formation of an explosive mixture;

2. flame arrestor element (3): in the event of a flashback, the flame is instantly ex-
tinguished by a chrome-nickel steel cylinder. The porous structure dissipates the
flame’s energy, cooling it and stopping it in a fraction of a second;

3. temperature-sensitive cut-off valve (4): protects against flashbacks. If internal
temperatures rise to dangerous levels, the integrated plastic component melts,
triggering the spring-loaded valve that halts the gas flow before ignition condi-
tions can develop at the gas inlet.

An alarm indicator (5) is also included to alert the user if a flashback occurs, allowing
for prompt intervention and system reconfiguration.

Figure 36: Components of Flashback Arrestor F100N-ES, WITT-Gasetechnik GmbH & Co.
KG® [29]

In this setup, each flashback arrestor is mounted downstream of the check valve, and
immediately upstream of the injector, as illustrated in Figure 38. This location ensures
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that in the event of a flashback, the flame is stopped before reaching the fuel sup-
ply, thus protecting the tanks from explosion. Since it is placed before the detonation
chamber, the operating pressure limit of 17 bar is more than sufficient for the expected
conditions.

At present, a valve diameter of 48 mm has been selected, as specified in the datasheet
[29]. However, if future system requirements demand larger diameters, WITT® offers
a wide range of flashback arrestors with similar functionality and price range. Each
tlashback arrestor of this type is priced at €1775.

As with check valves, the number of flashback arrestors is fixed at three, corresponding
to the three gas supply lines, and is independent of the PDE tube length. Furthermore,
these devices are also used in RDEs for the same purpose and in the same configura-
tion.

Flow nozzles Critical flow nozzles regulate the fuel and oxidizer flow rates, ensuring
a stable and controlled flow: a repeatable and regulated flow is required to enable con-
sistent comparisons between tests. They guarantee that the engine receives the correct
mixture for efficient detonation. It is also necessary to avoid flow instability.

Since hydrogen is very light and sensitive to flow variations, using a critical flow noz-
zle can help prevent unwanted changes in the mixture. Additionally, critical flow noz-
zles, which can determine flow rates based solely on the nozzle exit pressure, are ef-
fective provided the supply pressures and temperatures are known. While confirming
the flow meter measurements with thermocouples and pressure sensors is useful, it is
not strictly necessary.

The selected flow nozzle is the ISA 1932 model, produced by KROHNE® (Germany),
as shown in Figure 37.
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Figure 37: ISA 1932 nozzle KROHNE® [30]

This nozzle is suitable for applications involving hydrogen and air under high velocity
and pressure conditions. Similar to flashback arrestors, the company offers different
sizes of flow nozzles, with comparable prices and features. As the nozzle size has not
yet been finalized, this model is indicative, with the final configuration expected to
share similar features, even if the size changes. This nozzle is suitable for applications
requiring high accuracy.

The nozzle is positioned between the check valve and the flame arrestor, as shown in
Figure 38. It is priced at approximately €2000.

Similar to check valves and flashback arrestors, the number of flow nozzles is fixed
at three, corresponding to the three gas supply lines. This configuration remains un-
changed regardless of the length of the PDE tube. Additionally, these devices are also
employed in RDEs for the same purpose and in the same setup.

In conclusion, to better illustrate the arrangement of the components within the fu-
el/oxidizer system, the schematic shown in Figure 38 is provided.
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Figure 38: Schematic diagram of the fuel/oxidizer system. 1) Hydrogen tank; 2) Air tank; 3)
Nitrogen tank; 4) Check valves; 5) Critical flow nozzles; 6) Flame arrestors; 7) Rotary valve;
8) Injectors

It should be noted that the flow meters, although present in the system, are not de-
picted in Figure 38. This is because the figure is intended to illustrate only the com-
ponents of the fuel/oxidizer supply system, excluding instrumentation elements. The
complete system, including all sensors and instrumentation, is presented later in Fig-
ure 48 in Section 2.7.

2.5.4 Ignition and control

Spark Plug The choice of ignition energy is crucial because the energy imparted by
the spark significantly impacts the process of DDT. Inside the detonation chamber, a
spark plug ignites the mixture, generating a combustion wave. The intensity of the
spark is determined during the experimental campaign by adjusting the firing energy
to produce a detonation wave that closely aligns with Chapman-Jouguet conditions.
These conditions are easily calculated using the CEA code, as discussed in Section
1.9. However, based on previous experiments, it is known that the energy required to
initiate the detonation of a hydrogen-air mixture is approximately between 50 and 150
m].

The position of the spark plug is shown in Figure 33: it is placed before the Schelkin
spiral and after the injectors. The ignition system employed in this PDE setup consists
of an automotive ignition control module and coil set, capable of delivering up to 150
m] per spark. Ignition timing is controlled by a TTL signal generated by the proximity
sensor, as described in Section 2.5.3. Specifically, the signal from the proximity sensor
is sent to the DAQ system, which is discussed in Section 2.5.6. This TTL signal deter-
mines the precise moment of the spark, enabling precise synchronization between the
propellant injection and ignition.

An ordinary automobile spark plug is used to initiate combustion: the Bosch® FRSDPX
spark plug (Germany), as shown in Figure 39.
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Figure 39: FR8DPX Spark Plug, Bosch® [31]

This spark plug features double iridium electrodes, providing enhanced durability
and consistent ignition performance [31]. It is engineered for high-performance en-
gines and is well-suited for applications requiring reliable ignition under demanding
conditions, as in this case. The cost of the model is €6,15.

The ignition coil plays a critical role in the ignition system by transforming low battery
voltage (12 V) into the high voltage required to generate a spark across the electrodes
of the spark plug. This high-voltage discharge is essential for initiating combustion of
the hydrogen-air mixture within the detonation tube. The ignition coil chosen for this
application is the Beru® ZSE150 Ignition Coil (Germany) [54]. Its technical character-
istics and compatibility with high-frequency operation make it an excellent candidate
for use in the current experimental ignition system. The Beru® ZSE150 ignition coil is
particularly suitable for this setup due to its compact design, making it ideal for in-
tegration into experimental configurations such as PDEs and RDEs. It is designed to
deliver high-energy sparks, with reported ignition energies of approximately 150 m],
which is ideal for hydrogen ignition. Additionally, when paired with an appropriate
ignition control module, the coil can be triggered by a TTL signal, allowing precise
timing control in synchronization with other system components such as proximity
sensor and rotary valve. The cost of the coil is €201,59.

The programmable timing controller is managed using LabVIEW® software (or
MATLAB®), which allows precise and repeatable control of the various valves and
spark plug, as well as a centralized data acquisition system.

The number of ignition units used is independent of the length of the detonation tube;
it remains constant at one.

Regarding the versatility of the setup for RDE configurations, the same system and
control setup can be used. This is because the predetonator in an RDE essentially
tunctions as a PDE, as explained earlier.

Emergency shutoff button The emergency shutoff button is a safety feature designed
to disable the test cell by closing all supply gas valves and interrupting fuel injection
and ignition trigger signals in the event of overpressure, early detonation, or fuel leak-
age. The button prevents the escalation of mechanical or thermal errors. If the system
freezes or LabVIEW® crashes, the emergency shutoff button operates independently
of the software.

There is a physical connection between the button and:

- valve power supply;
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- ignition system (spark plug).

Two relays are employed, one for the spark coil and another for the rotary valve: they
interrupt the high-current power supply used. Pressing the emergency stop button
opens the circuit, deactivates the relay and closes all critical lines. These electrical relay
switches control power within the rig for engine control and instrumentation. When
this switch is activated, power is cut off to these components, meaning fuel cannot be
injected, the spark plug cannot fire and the tube is vented to the atmosphere. This
ensures that operators can safely enter the laboratory without risk of ignition. The
selected models are:

1. Siemens® 3SB3500-0AA12 Switch Access Round Actuator Push Button Switch
(Germany) [55]. The cost is €22,22;

2. Omron Electronics Inc® G2R-1-E DC12 Relay 12VDC (Europe division) [56]. This
relay is compatible with the igniter coil, as indicated by the voltage [54]. The cost
is €6,61;

3. Finder® Relay 220V AC Serie 40.52 (Italy) [57]. This relay is compatible with the
rotary valve since it operates at 220V AC (from datasheet of the rotary valve [26]).
The cost is €7,29;

4. Mean Well® Power Supply 12VDC PSU 12V 2A (Europe division) [58]. This
power supply is used to power the 12V relay controlling the spark coil. The cost
is €25,73.

The cost of these components is fixed, regardless of the length of the PDE tube. More-
over, the same configuration can be adopted for an RDE.

2.5.5 Detonation Enhancement: Shchelkin Spiral

Currently, there are several conceptual approaches to achieving detonations in PDE
systems, which can be broadly categorized into two types:

1. high-energy sources, such as arc discharges, lasers, or explosives, are used to di-
rectly detonate the fuel-oxidizer mixture. These methods aim to induce detona-
tion rapidly but are inefficient, and the associated circuitry is often heavy and
bulky;

2. low-energy ignition sources are combined with DDT-enhancing mechanisms, such
as spirals, grooves or other obstacles along the deflagration path. Previous studies
have shown that Shchelkin spirals are effective in promoting DDT, thus reducing
the required length of the PDE tube.

Among various DDT enhancement devices, Shchelkin spirals have shown superior
performance, followed by groove configurations and convergent-divergent throat de-
signs.

Consequently, the Shchelkin spiral is the most widely used obstacle, designed to create
eddies that facilitate flame acceleration while offering minimal resistance to the mov-
ing fuel/air/exhaust mixture. These eddies cause the flame to separate into multiple
fronts, some of which move backward, collide with others and accelerate the fronts
ahead of them. The behaviour of the spiral is difficult to model and predict, and re-
search into this phenomenon is ongoing.

A key parameter for the Shchelkin spiral is the blockage ratio (BR), which is the ratio
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of the area occupied by the spiral to the total internal area of the detonation tube.
Additionally, Shchelkin spirals lead to blockage within the detonation tube, which can
cause significant thrust losses if the spiral size is not properly selected. The spiral coils
should be large enough to promote successful DDT while minimizing blockage within
the detonation tube. In general, increasing the BR positively impacts the DDT phe-
nomenon.

There is a challenge with damage to the spirals during long firing periods: the spirals
could melt or disintegrate, leading to the spirals being expelled from the detonation
tube and replacing the spirals after each test, making long-duration testing problem-
atic. Therefore, the material selection for the spirals must ensure they can withstand
the harsh conditions of the PDE environment, and practical systems may require cool-
ing mechanisms for the spirals.

In conclusion, Shchelkin spirals are chosen as the preferred DDT enhancement mech-
anism due to their ability to avoid the heavy and bulky systems associated with high-
energy ignition sources.

Figure 40: Stainless Steel Shchelkin Spiral

This spiral is installed at the beginning of the PDE tube to initiate the DDT from the
outset. It is typically made of stainless steel to withstand the harsh conditions within
the PDE. The price of the Shchelkin spiral is determined once the dimensions of the
detonation tube are analysed, allowing for an accurate estimate of the amount of bulk
material required for its fabrication. The spirals can be easily manufactured by spring
manufacturers at a low cost. For instance, the company DIM® (Europe division) offers
a wide range of stainless steel spirals at competitive prices.

2.5.6 Data acquisition system

As stated in the datasheets, the operating frequency of the pressure transducers is
2.6 kHz [10]. According to the Nyquist-Shannon sampling theorem, the acquisition
frequency must be at least twice this value. However, literature from previous ex-
perimental campaigns indicates that increasing the data acquisition (DAQ) sampling
frequency to values greater than 1 MS/s is beneficial for avoiding data integrity issues
during PDE firings [42]. Simultaneous sample-and-hold capability is essential to en-
sure synchronized data acquisition—critical for accurate shockwave synchronization
and velocity calculations.

A LabVIEW®-based program (or MATLAB®) interfaces with a multi-channel DAQ
system through a signal conditioning module. The signal conditioning for the load
cell and thermocouples is already integrated within the amplifiers connected to these
sensors. Additionally, the pressure transducers and the flow meters can be directly
connected to the DAQ system without the need for a conditioning circuit, as explained
in Section 2.5.2. Therefore, the only sensors requiring dedicated signal conditioning
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are:

— accelerometers: the selected model is the PCB® 480B21 (German division) [59].
This model can accommodate up to three accelerometers. The cost is €315;

— ion sensors: a custom conditioning circuit is required to convert the current sig-
nal into a measurable voltage for the DAQ system. This circuit should include
a high-input impedance operational amplifier, a low-pass filter to attenuate high
frequencies and surge protection (TVS or clamping Zener diodes). One condition-
ing circuit is required per sensor (total: two circuits). The operational amplifier se-
lected is the OPA627AP from Texas Instruments® [60]. The cost of the OPA627AP
is €34,44. The estimated cost of the entire conditioning circuit per ion sensor is
€100.

Thus, the cost of the signal conditioners remains constant regardless of the setup size,
as the number of accelerometers and ion sensors is fixed.

The DAQ communicates with a remote PC (running LabVIEW® or MATLAB®) via
an MXI-4 fiber optic cable, which ensures robust EMI shielding and enables real-time
monitoring and control from the safety of the control room.

For system control—especially the actuation of gas injectors—digital TTL high-low
signals generated by the DAQ are routed to the injector driver module. These signals
control the opening and closing of injectors, with necessary delays incorporated into
the control routine to accommodate the dynamic response of system components.

To achieve the required performance, a National Instruments® PXI-based system (USA)
is used. It integrates control and acquisition via LabVIEW® and supports precise tim-
ing and synchronization. The selected components include:

1. DAQ card: National Instruments® PXIe-6133 [61].
- Type: simultaneous sample-and-hold;
— Channels: 8 analog input channels;
— Resolution: 16-bit (chosen for higher precision over 14-bit alternatives);

- Sampling Rate: 2.5 MS/s per channel, exceeding the minimum required by
the Shannon theorem;

— Interface: PXI backplane, LabVIEW®-compatible;

— Connection Box: each PXle-6133 is paired with an 8-channel BNC-2110 inter-
face box via coaxial cables;

- Data Handling: supports double buffering, a crucial technique for high-speed
acquisition to avoid data loss during transfer. While Buffer A acquires real-
time data, Buffer B transfers previously acquired data to the PC. This enables
continuous acquisition, especially for transient signals such as those in PDE
testing;

— Cost: €3168,68.
2. Controller: the selected model is the National Instruments® PXIe-8840 [62].
- Manages PXIe-6133 DAQ cards;
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- Synchronizes acquisition clocks across devices;
- Handles data transfer and real-time display;

— Specifications: 2.3 GHz bandwidth; integrated system controller for real-time
or Windows-based operation;

— Cost: €6251,44.

3. Chassis: the selected model is the National Instruments® PXIe-1062Q [63].
— Slots: 8;
- Function: houses multiple PXIe-6133 cards;

- Communication: connected to the remote PC via a 200 m MXI-4 fiber optic
cable, ensuring EMI immunity;

— Cost: €9121.

4. Digital I/O (TTL Control): the selected model is the NI 9401 [64].
— Function: generates TTL signals to control valves and ignition;
— Cost: €556;

— Usage: TTL channels are utilized for controlling purge nitrogen, fuel-air in-
jection and ignition. Each control signal is managed by a dedicated counter
channel. A representative TTL waveform for three such channels—purge ni-
trogen, fuel-air filling, and ignition—is illustrated in Figure 41.
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Figure 41: A typical TTL output from the PDE control program [32]

As shown in Figure 41, the rise/fall times of the TTL is negligible compared
to the response time of the valves and the TTL signals may be assumed to be
perfectly rectangular for all practical purposes.
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5. Communication Cable: National Instruments® 781402-200 (MXI-Express Fiber
Optic Cable, Gen 1 x4) [65].

- Length: 200 m;
— Purpose: remote chassis control and EMI-shielded data transfer;
— Cost: €2040.

To summarize, the measured analog signals from the sensors are conditioned and dig-
itized by a PXIe-6133-based DAQ system housed in a PXIe-1062Q chassis. Control and
acquisition tasks are managed by a PXIe-8840 controller. The system ensures synchro-
nized, high-speed data acquisition and real-time control through TTL signals. Post-
processing is conducted using MATLAB®.

The number of required components depends on the length of the detonation tube, as
this directly influences the number of sensors needed. Consequently, this determines
whether more than one DAQ card is necessary, which would in turn increase the over-
all system cost. It is worth noting that these components are equally suitable for an
RDE configuration; therefore, no modifications are required if the experimental setup
is adapted for RDE testing.

2.5.7 Cooling system

For hydrogen-air mixtures, the need for effective cooling is particularly critical due to
the extremely high temperatures reached during detonation. In the CEA results (Ta-
ble 3), the temperature ratio T, /T; = 9.8, meaning that for a stoichiometric mixture
starting at 300 K, the detonation temperature reaches approximately 2940 K. Such con-
ditions demand a robust thermal management strategy to protect critical components
of the PDE, including the combustion chamber, valves, sensors and diagnostic instru-
ments, and to extend operational time.

Active external water cooling is selected for the experimental setup. Compared to
internal film cooling, water cooling is more efficient, easier to implement for long-
duration tests and does not interfere with the flow dynamics, making it ideal for pre-
cise flow characterization. In contrast, film cooling introduces flow disturbances due
to the interaction between the detonation wave and the cooling film, including risks of
reverse flow within the cooling holes. While film cooling is more compact and lighter,
its disruptive nature renders it less suitable for fundamental studies. However, it re-
mains a promising solution for future applications and could be integrated into an
RDE setup, once the PDE testing is complete.

Given the high thermal loads, especially in hydrogen-air detonations, a dual-cooling
strategy may be necessary:

1. external active water cooling: for complete structural coverage, spiral and critical
zone cooling, and sensor/spark plug housing protection;

2. internal film cooling: to locally shield the inner wall, reduce direct thermal ex-
change with hot gases, and prevent premature ignition from wall heating.

The final cooling strategy should be defined based on results from CFD simulations
conducted during the experimental phase.

The water cooling system follows an open-loop configuration, where fresh cool wa-
ter is continuously fed into the cooling channels and the heated water is discharged
directly to the drain, eliminating the need for heat exchangers. This configuration is
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shown in Figure 42. Water cooling has been the predominant approach in prior PDE
experiments. It is implemented using copper tubing (6-10 mm in diameter) brazed
onto the combustion tube and spiral regions, and flattened to enhance thermal con-
tact. Copper is chosen for its high thermal conductivity, ease of fabrication, corrosion
resistance and affordability. A 2-meter copper tube typically costs less than €14, mak-
ing the system economical.

Cooling YWater In Cooling Water Out

Figure 42: Schematic representation of the external water-cooling system for the detonation
tube in an open-loop configuration [33]

In addition to tubing, several key components are required:

1. High-pressure water pump: a GRUNDFOS ® Esparia CR 5-10 model pump (Spain)
is selected, capable of delivering flow rates at approximately 50 ft/s, which is op-
timal for convective heat transfer [66]. The cost is €2916.

2. Cold water supply tank: a non-recirculating tank provides a continuous supply
of cool water. A specific model is not selected, as such tanks are widely available
and can also be sourced from within the university facilities.

3. Flow control and safety valve: electric ball valve DN50 PN40 A251 HPControl®
is used to enable both automation and safety [67]. This valve allows for:

— selective cooling of specific zones (e.g., spiral, sensors). Independent zone
management is essential, as the system can be divided into distinct cooling
areas. For instance, the combustion tube section housing the Shchelkin spiral
requires a higher cooling water flow rate due to elevated temperatures and
pressures;

- emergency shut-off during anomalies, and activation only during testing to
prevent unnecessary water consumption.

The selected model costs €267,56.

4. Cooling for pressure transducers: when selecting pressure sensors for PDE appli-
cations, thermal resistance and signal stability under prolonged exposure to high
temperatures are critical factors. Among available technologies, piezoresistive
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transducers are significantly less susceptible to thermal shock compared to piezo-
electric transducers, making them a more suitable choice for environments with
sustained high thermal loads. To mitigate thermal stress, pressure transducers are
installed within custom-designed water-cooled jackets, which create a localized
stable thermal environment. These jackets enable sensor operation even when
the surrounding gas temperatures exceed the transducer’s rated range. They
are manufactured from high-strength stainless steel, which ensures structural in-
tegrity, corrosion resistance and effective heat transfer. Even if the detonation
tube’s outer wall is actively cooled, these jackets remain essential due to the high
internal gas temperatures and the critical importance of maintaining optimal sen-
sor function. These jackets have to be produced by collaborating with a special-
ized machining workshop, since the manufacturer of the pressure transducers, as
well as other similar suppliers, does not offer this type of accessory.

The water jackets are integrated into the overall open-loop cooling system, which
eliminates the need for heat exchangers. Cold water flows directly through the
jackets and is discharged after absorbing heat. This configuration is simple to
implement, cost-effective and easy to maintain, especially in laboratory test en-
vironments. Additionally, this setup is more effective than ceramic coatings or
recessed mounting. A typical jacket is illustrated in Figure 43.

Figure 43: Example of a water jacket for a pressure transducer

The jacket in the image is transparent for illustrative purposes only, in order to
show the presence of water inside. In the actual setup, the jacket is made of stain-
less steel.

5. Spark plug and ion sensor: since automotive spark plugs like the FR8DPX are not
designed for PDE environments, they are protected with custom water-cooled
adapters. This prevents premature ignition and avoids thermal failure of the
spark plug insulation. At this stage, the FRSDPX spark plug is considered; how-
ever, since the ion sensor employs a structurally similar plug, the analysis re-
mains equally applicable to both cases. The water-cooled adapter consists of a
threaded adapter made of stainless steel, compatible with the M14x1.25 thread of
the FR8DPX plug. A surrounding chamber is then constructed to allow water to
circulate around the body of the spark plug, as shown in Figure 44. Two fittings
for 6-8 mm tubing (inlet/outlet) are integrated into the design, enabling water
flow through the jacket, clearly visible in the Figure 44. Only the electrode should
be exposed to the internal flow, while the rest of the spark plug body is actively
cooled. 304 stainless steel is recommended for structural components due to its
corrosion resistance and strength, with Viton seals or high-integrity O-rings to
ensure leak-proof assembly. A water pressure between 2 and 5 bar is typically
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sufficient, even for open-loop cooling systems.

Figure 44: [llustration of custom water jacket for the FR8DPX spark plug

Typical operating parameters are as follows:
— flow rate: 1-2 L/min;
- inlet water temperature: 15-25°C;
- operating pressure: 2-5 bar.

These values provide an effective balance between cooling performance and sys-
tem simplicity.

Other sensors—such as flow meters, load cell and accelerometers—are not consid-
ered here, as they are not positioned along the detonation tube and therefore are
not subject to the same thermal loads. Additionally, active cooling is not required
for certain devices like thermocouples, as discussed in their dedicated paragraph
in Section 2.5.2.

6. Injector cooling: injectors are shielded from thermal stress using water-cooled

housings with integrated safety features such as check valves. A schematic is
shown in Figure 45. The system is cost-effective and easy to implement. In par-
ticular, the cost associated with water cooling for the injectors, spark plug and
pressure transducers is not considered, as these basic components are either read-
ily available within the university or can be easily purchased at low cost from any
store selling standard mechanical parts.
For safety purposes, a check valve is also integrated into the system. It was not
previously discussed as its selection is primarily driven by compatibility with
the cooling system used for the injector measurements. The chosen model is the
Parker® 8M-C8L check valve (USA) [68]. This component is priced at €356.

7. Shchelkin spiral cooling: the Shchelkin spiral is the hottest region of the combus-
tion tube, and its cooling is of utmost importance. Without adequate cooling, it
can lead to pre-ignition, ablation and even mechanical failure. Specifically, pre-
ignition causes fuel and oxidizer wastage, loss of thrust, unwanted vibrations and
possible damage to valves and other components. Extreme thermal and pressure
conditions within the PDE can cause severe degradation of the Shchelkin spi-
ral. High temperatures weaken the metal structure, while intense pressure com-
presses the helix. In some cases, this leads to partial melting or fusion of the coils.
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In more severe scenarios, the spiral may disintegrate and be expelled at high ve-
locity from the detonation tube. The water cooling setup for the spiral is depicted
in Figure 46.

The cost of the cooling system is influenced by the length of the detonation tube. How-
ever this dependency concerns only the length of the copper tube used for cooling.
Given the relatively low price of copper tubing, its impact on the overall cost remains

negligible.
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Figure 45: Gas injector housing with integrated water cooling and safety check valve [34]

Figure 46: Water cooling arrangement for the Shchelkin spiral, showing inlet (left) and outlet
(right)
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When transitioning the experimental setup to an RDE, additional thermal manage-
ment measures become necessary to ensure prolonged operation of the test model. In
this proposed configuration, a water jacket is integrated around the outer wall of the
combustion chamber, complementing the previously described cooling setup for the
pre-detonator (which functions as a PDE tube, see Figure 22). As discussed in Section
1.10, the inner wall of an RDE is subject to a significantly higher heat flux than that of
a PDE, making enhanced cooling essential.

The physical model comprises an annular combustion chamber, a surrounding coolant
channel, and a single row of six film cooling holes, each with carefully defined dimen-
sions and an inclination angle of 30°, as illustrated in Figure 47.

L Coolant Channel
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Figure 47: Schematic diagram of film cooling in an RDE [35]

In this context, even more critically than in PDEs, a thorough CFD study is essential to guide
the design of the cooling holes. Additionally, the inherently unsteady nature of detonation
in RDEs makes the dynamics of film cooling particularly complex.

2.5.8 Purge system

The purge process is implemented to fully expel the burned gases between cycles, prevent-
ing the premature ignition of the fresh fuel-oxidizer mixture. If not applied, residual com-
bustion products may remain in the detonation tube after the exhaust phase. These remnants
can lead to undesired pre-ignition of the incoming mixture, altering the initial conditions,
such as the equivalence ratio, and potentially compromising detonation stability and perfor-
mance. This principle has already been discussed in Chapter 1 (Section 1.4), which outlines
the PDE operating cycle. Therefore, this must be taken into account when configuring the
LabVIEW® program (or MATLAB®) for valve timing control.

At low operating frequencies (e.g., 10 Hz), the purge phase may not be required, since the
exhaust gases have sufficient time to be cleared naturally. However, as the frequency in-
creases, the residence time of the exhaust gases decreases, and purging becomes necessary.
Moreover, the fraction of purge gas required typically increases with the frequency. It is
important to note that the purge process does not contribute to thrust generation; on the
contrary, it reduces engine efficiency by occupying time and space in the cycle. Nonetheless,
this penalty may be acceptable at higher frequencies, where the thrust is inherently greater.
The optimal purge gas fraction must be determined experimentally, ensuring that the addi-
tional purge mass flow does not significantly reduce the fuel-based specific impulse.

A practical criterion is to monitor whether deflagrative combustion appears during the later
stages of operation, for example using ion sensors. If this occurs, it indicates incomplete

purging.
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In this experimental setup, nitrogen is used as the purge gas due to its inert properties,
widespread availability and effectiveness in preventing pre-ignition. Like the fuel and oxi-
dizer, it is injected through the rotary valve and cleans the detonation tube between cycles.
The required nitrogen pressure and mass flow rate must be tuned during the experimental
campaign, as these parameters are highly dependent on the geometry, valve dynamics, and
operating conditions of each specific setup. There are no general guidelines that can be ap-
plied across all cases. The entire purge process is automated via the DAQ system, which
controls the rotary valve timing.

Although nitrogen is the preferred choice for its inert characteristics, air can also be used
as a substitute, especially in later stages of development or for field-deployable systems,
without requiring hardware changes. While air is less effective at inerting the detonation
tube, it may be sufficient in cases where lower-frequency operation or reduced sensitivity to
pre-ignition is acceptable.

Lastly, it is important to highlight that the purge process, together with the non-zero valve
response time, introduces non-idealities that reduce the actual performance of the system
when compared to the ideal predictions computed via chemical equilibrium analysis (CEA)
in Chapter 1 (Section 1.9).

The purge strategy described here is equally valid for RDEs, as it employs the same control
architecture and injection configuration.

2.6 Innovations

To summarize the innovations applied with respect to the majority of the previous experi-
ments are briefly illustrated in Table 11.

Innovation Element Description Why It Is Innovative
(Compared to Previ-
ous Experiments)

Versatility with respect Use of piezoresistive These transducers are

to RDEs and non-piezoelectric usually used in RDEs,
pressure transducers not in PDEs

Ion sensors Allow more precise Ionsensors are not typ-
measurements ically used in hydro-

gen—air mixtures

Load cell without Higher measurement Prior works used load
spring-damper config- accuracy, especially for cells with  spring-

uration single-cycle tests damper setups

High-speed = camera Enhanced sensitivity, Previous setups em-

(NOVA S-Series) image quality and ployed the FASTCAM
resolution SA-5, which is inferior

Camera setup using BOS reduces costs and Earlier works used tra-

BOS simplifies the setup ditional Schlieren sys-

tems

Rotary valve Enables higher fre- Most prior experi-
quency and larger ments used solenoid
mass flow rates valves

Table 11: Summary of innovations in the experimental setup
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2.7

Cost

Figure 48 illustrates all the various components previously selected.
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Figure 48: Schematic representation of the PDE setup. 1) Hydrogen Tank; 2) Air Tank; 3)
Nitrogen Tank; 4) Check Valves; 5) Critical Flow Nozzles; 6) Flame Arrestors; 7) Rotary
Valve; 8) Injectors; 9)TTL Control; 10) DAQ system; 11) Thrust Stand; 12) Load Cell; 13) Ac-
celerometers; 14) Shchelkin Spiral; 15) PDE tube; 16) Pressure Transducers/Thermocouples;
17) Slide; 18) Ion Probes; 19) Flow Meters; 20) Amplifier For Load Cell; 21) Butterworth Low
Pass Filter For Accelerometers; 22) Amplifier For Thermocouples; 23) Proximity Sensor; 24)
Water Pump

For the sake of simplicity and clarity:

the DAQ system is not depicted in full detail: the block labelled DAQ includes the con-
ditioning modules for the accelerometers and ion probes, the DAQ cards, the controller
and the chassis, as described in Section 2.5.6;

only one ion sensor is shown; however, two are installed along the section with the
spiral;

wherever a pressure transducer is indicated, a thermocouple is also present in the same
section;

the external camera setup, positioned outside the detonation tube, is not shown. It is
clearly illustrated in Figure 28, Section 2.5.2;

the number of sensors depicted is indicative: the actual number depends on the final
length of the detonation tube, which is analysed later.

To estimate the cost independently of the experimental setup’s dimensions, the tables pre-
sented below are used. The total indicated in the last row of Table 14 refers solely to the
combined price of components whose quantities do not depend on the number of units.
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Component Unit Length Number of Total Price
Name Price [€] Depen- Units [€]
dent
Structural bear- 126,63 No 2 253,26
ings
Rail Depends Yes 1 TBD
on di-
mension
Aluminum Plate 55,70 No 2 111,44
Detonation tube =~ Depends Yes Depends TBD
on on tube
dimen- length-
sions /thickness
Aluminum profile 27,40 No 4 109,6
Pressure  Trans- 163,54 Yes Depends TBD
ducer on tube
length
Thermocouples + 1195+80 Yes Depends TBD
M2 thread on tube
length
Epoxy Paste 7,15 Yes, but 1 7,15
one unit
is always
sufficient
Amplifier for ther- 2480 Yes Depends TBD
mocouples on tube
length
Ion sensors 6,68 No 2 13,36
Oxidizer flow me- 2592 No 1 2592
ter
Fuel flow meter 4300 No 1 4300
Load Cell 2300 No 1 2300
Amplifier for load 5000 No 1 5000
cell
Accelerometers 560 No 2 1120
Filter for ac- 9,62 No 2 19,24
celerometers
High speed cam- 40000 No 1 40 000
era
LED 128,48 No 1 128,48
Glass diffuser 17,75 No 1 17,75

Table 12: Component cost breakdown
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Component Unit Length Number of Total Price
Name Price [€] Depen- Units [€]
dent

Nitrogen Tank 111,32 No 1 111,32
Air Tank 550 No 1 550
Hydrogen Tank 1320 No 1 1320
Injectors 438,27 No 3 1314,81
Rotary valve mo- 1050 No 1 1050
tor
Rotary valve ma- 600 No 1 600
terial
Elastic coupling 169 No 1 169
O rings 1,8 No 4 7,2
Proximity sensor 29,65 No 1 29,65
One way valves 21,82 No 3 65,46
Flame arrestor 1775 No 3 5325
Flow nozzles 2000 No 3 6000
Spark plug 6,15 No 1 6,15
Ignition Coil 201,59 No 1 201,59
Push Button 22,22 No 1 22,22
Relay for coil 6,61 No 1 6,61
Relay for valve 7,29 No 1 7,29
Power supply for 25,73 No 1 25,73
relay
Shchelkin Spiral ~ Depends Yes 1 TBD

on

dimen-

sions
Conditioners for 315 No 1 315
accelerometers
Conditioners for 100 No 2 200
10N sensors
DAQ card 3168,68  Yes Depends TBD

on number
of sensors

Controller 6251,44 No 1 6251,44
Chassis 9121 No 1 9121
Digital I/O 556 No 1 556
Communication 2040 No 1 2040
Cable

Table 13: Component cost breakdown
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Component Unit Length Number of Total Price
Name Price [€] Depen- Units [€]

dent
Copper tubing 14/2m Negligible TBD 14
Water pump 2916 No 1 2916
Ball valve 267,56 No 1 267,56
Check valve for 356 No 3 1068
injector

Total 95533,27 €

Table 14: Component cost breakdown

2.8 Dimensions

Three different experimental setups are considered, listed in order of increasing physical
dimensions:

1. Air Force Configuration: as described in Section 2.5.1, the PDE consists of a stainless-
steel tube with a total length of 660 mm, an internal diameter of 48 mm, and a wall
thickness of 6.35 mm;

2. Nanjing University of Aeronautics and Astronautics, China: the PDE has a total length
of 155 cm and an inner diameter of 86 mm. Based on Equation (18), the required wall
thickness is calculated as follows:

~ 18.04 x 43

=~ =11. 2
9 xFS o5 4x3=1175mm (32)

3. Aoyama Gakuin University, Japan: the PDE tube is 5 meters long with an internal
diameter of 100 mm. The wall thickness required in this case is:

—PzXR-¢xPS:18'O4X5O-

4 x 3 =13.67 mm 33
Tallow 792 ( )

To estimate the cost associated with each configuration, the following considerations are
made:

* instrumentation spacing: pressure transducers and thermocouples are assumed to be
placed every 100 mm along the detonation tube, in accordance with literature [69].
However, for configurations exceeding 2 meters in length (e.g., the third setup), this
spacing is increased to 250 mm to reduce overall cost. This adjustment is also sup-
ported by references in the literature [70]. Accordingly, the number of sensors is deter-
mined by dividing the tube length by 100 mm for the first two setups and by 250 mm
for the third;

¢ Shchelkin spiral: reference values are taken from the Air Force setup, which is most
similar to the configurations under consideration. The spiral consists of a 76.2 mm (3
in.) long steel spring coil with a diameter of 9.52 mm (3/8 in.) and a pitch of 6 turns
per inch [71]. It provides a blockage ratio of 34%, sufficient to ensure consistent DDT
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without obstructing the tube. This spiral can be manufactured by DIM® (Italy) at a
cost of €9,90.

To maintain similarity, the spiral dimensions are scaled accordingly for different con-
figurations. For instance, in the second configuration, the spiral dimensions are:

- length I = 76.2/660 - 1550 = 178.95 mm;
— diameter d = 9.52/48 - 86 = 17.06 mm

with a pitch of 6 turns per inch maintained. This spiral can be manufactured by DIM®
at a cost of €14,90.

Similarly, for the third configuration, the spiral dimensions are: length [ = 577.27 mm
and diameter d = 19.83 mm, also maintaining a pitch of 6 turns per inch. This spiral
can be manufactured by DIM® at a cost of €14,90;

tank cost: the cost of the propellant tank is assumed to be independent of the setup
dimensions, as discussed in Section 2.5.3, since the selected size is adequate for all
configurations;

cooling cost: as explained in Section 2.5.7, the cost of cooling is considered dimension-
independent, due to its relatively low impact and the use of a standard water pump,
which is adequate for all configurations.

As shown in Tables 12, 13 and 14, the following factors contribute to increased cost as the
physical size of the setup increases:

1.
2.
3.

rail dimensions;
length and diameter of the detonation tube;

number of pressure transducers and thermocouples (proportional to tube length). As
each thermocouple amplifier supports a maximum of 10 sensors (Section 2.5.2), addi-
tional amplifiers may be required;

. size of the Shchelkin spiral;

. number of DAQ cards: one DAQ card supports up to 8 sensors and must accommo-

date pressure transducers, thermocouples, one load cell, two accelerometers, two ion
sensors and two flow meters. For example, in the Air Force configuration, the total
number of sensors is:

* 6 pressure transducers;
* 6 thermocouples;

1 load cell;

2 accelerometers;
e 2 ion sensors;
e 2 flow meters,

Total: 19 sensors; 3 DAQ cards required.

Therefore, three separate tables are presented for the configurations considered. Each ta-
ble includes both the fixed costs (dimension-independent, evaluated in Table 14) and the
variable costs related to setup size.
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Component Unit Number of Total Price
Name Price [€] Units [€]
Fixed cost 95533,27
Rail (SR20-800L) 100,8 1 100,8
Detonation tube 120 1 120
Pressure trans- 163,54 6 981,24
ducers

Thermocouples (+ 1275 6 7650
M2 thread)

Amplifier for ther- 2480 1 2480
mocouples

Shchelkin spiral 9,90 1 9,90
DAQ card 3168,68 3 9506,04

Total 116381,25 €

Table 15: Total cost of the first configuration (Air Force)

Component Unit Number of Total Price
Name Price [€] Units [€]
Fixed cost 95533,27
Rail (SR20-1500L) 180,28 1 180,28
Detonation tube 627,75 1 627,75
Pressure trans- 163,54 15 2453,10
ducers

Thermocouples (+ 1275 15 19125
M2 thread)

Amplifier for ther- 2480 2 4960
mocouples

Shchelkin spiral 14,90 1 14,90
DAQ card 3168,68 5 15843 4

Total 138737,7 €

Table 16: Total cost of the second configuration (Nanjing University)
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Component Unit Number of Total Price
Name Price [€] Units [€]
Fixed cost 95533,27
Rail (SR20-5000L) 577,65 1 577,65
Detonation tube 2475 1 2475
Pressure trans- 163,54 20 3270,8
ducers

Thermocouples (+ 1275 20 25500
M2 thread)

Amplifier for ther- 2480 2 4960
mocouples

Shchelkin spiral 14,90 1 14,90
DAQ card 3168,68 6 19012,08

Total 151343,7 €

Table 17: Total cost of the third configuration (Aoyama Gakuin University)

These three configurations are then used to construct a cost-dimension relationship, as
shown in Figure 49. The dimensionless parameter A is defined as the length of the deto-
nation tube divided by 1000 mm:

. L’cube
A= 1000 mm (34)

This representation allows for interpolation and trend estimation across setups of varying
scale.

155 x10° Size-Cost Relationship

1.5

1.45

Cost [euros]
~
o =
o ~
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N
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1 15 | | | | | | | | |
05 1 15 2 25 3 35 4 45 5
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Figure 49: Plot of the cost of the experimental setup with respect to A = L/ (1000mm)
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Chapter 3

3 Numerical Simulation

The simulation of the experimental apparatus, using the components selected in Chapter 2,
is performed in Simulink® to gain a thorough understanding of how elements such as valves
and sensors influence the gas conditions along the supply line, and, most importantly, how
these effects ultimately impact engine performance in real-world scenarios. Furthermore,
once the experimental setup has been constructed, this model can serve as a reference to
verify the correctness of the assembly process and to assess the accurate implementation of
the physical system.

A script has been developed in MATLAB® to support the Simulink® model by allowing di-
rect modification of several key parameters—such as pressure, temperature (with automatic
density updates), and the diameter of the detonation tube—within the MATLAB® environ-
ment, thereby eliminating the need to manually adjust these values within the simulation
model blocks.

3.1 Integration Method

The solver odel5s is employed because it is a multi-physics system: hence, the different
systems, such as the gas and mechanical, have different characteristic time-scales. For this
reason, the problem is stiff. In this simulation, indeed, ode45 results to be highly inefficient.
Additionally, both ode113 and ode23 are also found to be very inefficient. On the other hand,
the efficiency is significantly improved with ode23s and odel5s, as these solvers, which
employ multi-step methods, are specifically designed for stiff systems, whereas the other
solvers mentioned are intended for non-stiff problems. Therefore, odel5s is selected as, in
general, it yields more accuracy than ode23s.

3.2 Feeding Line Model

Figure 50 presents the Simulink® implementation of the scheme illustrated in Figure 38. The
same numbering of components is retained, as clarified in the figure caption.
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The model is based on the ideal gas assumption, and therefore, the ideal gas law is employed
to calculate the gas density for any given combination of initial temperature and pressure
in the MATLAB® script. Figure 51 provides a detailed view of the components along the
feeding lines.

(19)1

( . )
Line1 Line2 :_(,:‘»_I
M
e (6)1 )
- \-. J
®
Gas Properties of H2 HZ2 mass flow rdte

fix)=0 p—

(19)

. ) Bl
Line1 Line2 =)
-— M

© J

Air mass flow rate

(19)2

4)2

~Jl B
O

Linel Ling2 fj—————A( =)

L= M it
j‘} (5)2 8)2
(3) C (6)2

I
AY J
b N2 mass flow rate

Gas Properties of N2

Figure 51: Fuel-oxidizer system feeding lines - Simulink® 1) Hydrogen Tank; 2) Air Tank; 3)
Nitrogen Tank; 4) Check Valves; 5) Critical Flow Nozzles; 6) Flame Arrestors; 8) Injectors;
19) Flow Meters

The Reservoir blocks (labelled as (1), (2) and (3) in Figure 51) represent the gas tanks. These
blocks are initialized through a MATLAB® script that sets the initial pressure, temperature
and feeding line diameter.

The Gas Properties block is configured based on the ideal gas assumption. It computes
property variations according to the defined temperature and pressure, thus requiring pa-
rameter input only for a reference state. The values at reference conditions T = 298.15K,
P = 1 bar are reported in Table 18.
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Property Hydrogen (Hy) Air Nitrogen (N3)
Specific gas con- 4124.0 287.0 296.8

stant R [J/(kg-K)]

Specific enthalpy 0 299.6 0

at reference tem-

perature Byof

[k]/ kgl

Specific heat at 14306 1005 1041

constant pressure

cp 1/ (kg-K)]

Dynamic viscosity 8.9 18.5 17.8
u [uPa-s]

Thermal con- 186 26.3 25.8
ductivity k

MW /(m-K)]

Table 18: Thermophysical properties of gases at reference conditions: T = 298.15 K and
P =1bar [37] [1]

The remaining components match the elements presented in Figure 38. The parameters
of the Check Valve and Orifice blocks are defined based on manufacturer datasheets, the
experimental pressure range (up to 10 bar according to the Reduced Order Model (ROM)),
and standard values ensuring numerical stability in simulation (e.g., pressure differential
ratio factor for choked flow x7 = 0.7 and smoothing factor = 0.01). Since the selected valves
are high-efficiency, the leakage flow fraction is set to very low values (10~°), ensuring near-
total closure in reverse flow. The maximum C, values are sufficiently high to avoid flow
limitations: Cy 1, = 8.5, Cy N, =7, Cy pir = 7.5.

Despite the low leakage, its impact must be considered: during the purge phase, the nitrogen
injection valve is closed, yet a small flow of N, enters the detonation tube due to leakage —
this flow is directly tied to the leakage coefficient.

The Orifice block is employed to simulate:
¢ critical flow nozzles, modelling compressible flow through restrictions;
* injectors, with dynamic opening behaviour governed by control signals.
The opening fraction is controlled by the physical signal port L:
* L=0: orifice closed;
e L=1: fully open.

No active control is applied to the critical flow nozzles (L = constant 1), whereas injector
control is performed via the rotary valve (not shown here, but discussed later).

Flow meters are modeled using Flow Rate Sensor blocks. Their temperature limitations, as
per manufacturer specifications (see Section 2.5.2), are enforced through logic in the Flame
Arrestor subsystem.

For the flame arrestor (element (6) in Figure 51), no standard Simulink® block exists. Follow-
ing the description in Section 2.5.2, the configuration in Figure 52 is adopted (shown only
for the air line; other lines are equivalent, differing only in temperature thresholds).
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T Line2

Do
Valve closes(6) ™ L
Absolute Reference J B> e e PP )
>—e

A 8 State of the valve

o Temperature limit

k b -
Valve opens(6)

(6.2) ,
Air Temperature

Figure 52: Flame arrestor subsystem (6) - Simulink®. 6.1) Gas non-return valve; 6.2) Tem-

perature sensor; 6.3) Shut-off valve; 6.4) Pressure loss block

¢ The non-return valve (6.1) is modeled as a check valve, using the same parameters
discussed previously.

¢ The Temperature Sensor, PS Switch and Gate Valve represent the thermal shut-off
mechanism. If the temperature exceeds a critical threshold, the valve interrupts the gas
flow to prevent the onset of ignition conditions along the line. The PS Switch block is
configured to enforce this behaviour: when the temperature surpasses the predefined
limit—set by the flow meter specifications, as described in Section 2.5.2 of Chapter 2
(70°C for air and N>, and 180°C for H,)—it sets the input to port L of the Gate Valve
to 0, thereby commanding the valve to close.

Parameters for the Gate Valve are aligned with the general modelling approach (same leak-
age and smoothing factors). Pressure losses in the flame arrestor are simulated using a Local
Restriction block with discharge coefficient C; = 0.7, in line with manufacturer data (WITT®
datasheet [29]).

Additionally, maximum flow rate limits imposed by the arrestor must be respected through-
out the simulation:

* (0.287 kg/s for air and Np;

¢ for hydrogen, the limit depends on the desired pressure drop. Example: with 10 bar
inlet and 4 bar outlet (AP = 6 bar), the max flow is approximately 0.023kg/s.

There is no standard Simulink® block available for modelling a rotary valve. Therefore,
its behaviour is implemented using mechanical components, with control logic based on
angular position. Initially, the electromagnetic motor TS4613, which drives the valve, is
modeled using the Induction Machine Squirrel Cage block, representing a three-phase
asynchronous motor, as shown in Figure 53. This Simulink® model implements a three-
phase asynchronous motor coupled to a rotary valve, which acts as a mechanical load. Both
a Grid-Side Converter (GSC) and a Machine-Side Converter (MSC) are used within the
Motor Controls subsystem to regulate energy flow and motor dynamics. The rotary valve
is modelled using mechanical elements such as the Inertia block, and its operation is con-
trolled by a logic system based on an Angle Sensor. Key components of the Motor TS4613
Subsystem are illustrated in Appendix A.
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As an illustrative example, Figure 54 shows the output of the Angle sensor block within the
Motor TS4613 subsystem.

Figure 54: Angle Scope inside Motor TS4613 Subsystem for a frequency of 20 Hz - Simulink®

Depending on the selected operating frequency, different angular profiles are generated. The
variation between plots lies in the number of rotations (cycles) per unit time.

As shown in Figure 31, the injection of air and H, takes place during the clockwise rotation
of the valve disk between 0° and 240°, followed by the ignition phase from 240° to 310°,
and finally the purge injection phase occurs from 310° to 365°, completing the cycle. These
angular boundaries can be modified based on the desired mass flow rates, filling fraction,
and oxidizer-to-fuel ratio.

As illustrated in Figure 50, the Injection Subsystem receives the output of the Angle Sensor
(labelled as Angle [rad]) from the Motor TS4613 subsystem. This value is processed using
a switch-based logic system, shown in Figure 55, to generate the binary control signals for
the injectors (elements labelled as (8) in Figure 50).

The control logic in Simulink® is implemented using the following blocks:
1. Compare To Constant;
2. Switch.

If the angular position of the rotary disk is < 240°, the system triggers the injection of Hj
and air. In this case, the Compare To Constant block, relative to H, and air, outputs a logical
1, which satisfies the condition of the Switch block (i.e., input > 0), and the switch outputs
a constant value of 1. This value corresponds to the command signal for opening the H, and
air injectors.

Similarly, for the N, purge injection, the logic is activated when the angle is > 310°, follow-
ing the same implementation principle as the propellant injection.

Continuing with the same example presented earlier at a rotational frequency of 20 Hz, the
output signals corresponding to the Command H2 and air Scope and the Command N2
Scope are shown in Figures 56 and 57, respectively. These plots are taken directly from the
Simulink® model and illustrate the activation signals sent to the injectors.
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» ] »(J

Angle (deg) Command H2 and air

4(- prc= 24 »>0 > 1)
g m— H2 and air
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rad-> degree Switch injection of H2 and air
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Command N2
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Switch injection of N2

CloseN2

Figure 55: Switch Injection Subsystem - Simulink®

Figure 56: Command H, and air plot inside Switch Injection Subsystem for a frequency of
20 Hz - Simulink®

Figure 57: Command N, plot inside Switch Injection Subsystem for a frequency of 20 Hz -
Simulink®
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As previously stated, a command value of 1 corresponds to an open signal for the injection
valve, as it is passed to the L port of the Orifice block (see Figure 50). Conversely, a command
value of 0 closes the valve.

As shown in Figure 50, the detonation tube is represented by a Constant Volume Chamber
block, configured with the same dimensions as the actual detonation tube. The temperature
and pressure at the outlet of the feeding line serve as inputs to the ROM used to simulate the
detonation process. This approach allows for the inclusion of pressure losses and non-ideal
effects of the components along the feeding line in the performance evaluation of the PDE.
These pressure and temperature values are transferred to the MATLAB® script via the To
Workspace block.

3.3 Reduced Order Model

A reduced-order model was developed using high-order singular value decomposition
(HOSVD) applied to a data tensor derived from computational fluid dynamics (CFD) simu-
lations performed by Universidad Politécnica de Madrid and Universidad de Vigo (Spain)
[36]. Their method is used in this model. Their methodology is intended to address both the
direct (performance prediction) and inverse (design optimization) problems encountered
during the conceptual design phase of a PDE.

In the direct problem, prescribed operational and geometric parameters are used to predict
the engine’s performance outputs. Conversely, in the inverse problem, desired performance
metrics are used to infer the required input conditions. The tool developed was found to
produce results that, on average, deviate by less than 10% from high-fidelity CFD data.
From a practical perspective, this method significantly reduces the online computational
burden by shifting the intensive CFD computations offline. The resulting ROM-based frame-
work, which combines CFD with tensor decomposition, maximizes information extraction
from a limited number of high-fidelity simulations, making it suitable for rapid performance
assessment and conceptual design of PDEs.

A key innovation of this work lies in its ability to maintain a high level of model fidelity-
teaturing 1D CFD with detailed 10-species chemical kinetics and a modeled blowdown
phase- while achieving response times typical of zero-dimensional algebraic methods (i.e.,
under 0.1 seconds). This efficiency is made possible by solving both performance and design
problems on a reduced-order representation of the PDE simulation database, rather than on
the PDE model itself.

The PDE configuration considered is idealized as a cylindrical tube of constant diameter,
without a nozzle. Propellants are injected from the closed end, while the open end allows
for thrust generation. The engine cycle is divided into four phases:

1. filling: fresh propellants with a specified mixture ratio are injected into the tube, dis-
placing the inert gas. Ideal mixing is assumed;

2. ignition: a detonation wave is initiated at the closed end and propagates through the
tube;

3. exhaust: high-pressure combustion products are expelled through the open end, gen-
erating thrust;

4. purging: once pressure drops below a threshold, an inert gas is injected to purge com-
bustion products, preparing the tube for the next cycle.

The PDE model is described by six input parameters (P1-P6), which define its geometry,
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configuration and operational settings:
¢ P1: initial gas temperature, Ty [K];
* P2: equivalence ratio, ¢;
¢ P3: initial pressure, Py [bar];
¢ P4: tube length, L [m];
¢ P5: tube diameter, D [m];

* P6: relaxation time between detonations, f,¢¢ [s], accounting for both purging and
refilling.

Corresponding output performance parameters (Q1-Q7) include:
¢ Q1I: initial temperature, Ty [K];
* Q2: total impulse per cycle, IT [Ns];
* Q3: specific impulse, Is, [m/s];
* (4: detonation frequency, f [Hz];
* Q5: peak thrust, E;;ay [N];
* Q6: peak pressure, Py, [bar];
* Q7: ejected mass per cycle, Mt [kg].

The allowable ranges for these input parameters are summarized in Table 19.

Parameter Range

Ty [K] 250-350
Py [bar] 0.5-10
0.5-1.05
L [m] 0.4-1.5
D [m] 0.01-0.25
togt [s] 0-0.1

Table 19: Ranges of the input parameters

The methodology was structured into two main components:
1. PDE Model Development

¢ Step 1: Numerical Simulation. A 1D CFD solver was used, following precedents
in the literature but extended to include:

— a 10-species, 25-reaction detailed chemistry model;
— discharge into a low ambient pressure environment.
A total of 480 simulations were performed.

¢ Step 2: Data Reduction. Simulation data were reduced using a structured ap-
proach to populate the performance database.

2. Data Processing Algorithm
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¢ Step 3: Database Generation. Seven 6-dimensional tensors were created, each
corresponding to one output parameter (Q1-Q7), structured over the six input
dimensions (P1-P6).

¢ Step 4: Database Decomposition. The HOSVD method was employed to decom-
pose each tensor and extract dominant modes (eigenpatterns) that capture most
of the database’s variance.

¢ Step 5: Inverse Problem Solution. The ROM enables fast evaluation of inverse
problems by interpolating within the compressed feature space.

The assumptions include a one-dimensional flow model, applicability only to hydrogen-air
mixtures, and fixed boundary conditions: a closed end at x = 0 and an open end at x = L.
The inputs values are rescaled from normalized coordinates [0,1] to their physical repre-
sentations. The ROM function mapping input parameters (P1-P6) to output predictions
(Q1-Q7) can be expressed as:

(TO/ IT/ Isp/f/ Emux/ Pmax/ MT) = fDR(TO/ PO/ (P/ L; D/ toff) (35)

The relaxation time ¢, accounts for purging, refilling, and any optional delay between cy-
cles.

The internal flow of the PDE is modeled as an unsteady, one-dimensional compressible flow
with chemical reactions. This approach captures the essential physical phenomena—detonation
wave propagation and post-detonation gas expansion—while maintaining computational
efficiency. The governing equations are the one-dimensional compressible Euler equations,
which conserve mass, momentum, energy and species mass fractions. For a reactive mix-
ture, the conservative variables are defined as:

P

U= f)’;ﬁ (36)

pYx

Here, p denotes the density of the gas mixture, u is the velocity, E is the specific total energy,
and Y} is the mass fraction of species k.

The chemical kinetics mechanism for the Hj-air mixture includes N=10 species and M=25
elementary reactions. The reactions and their respective forward Arrhenius coefficients are
listed in Table 23, Appendix A.

The initial and final species mass fractions resulting from hydrogen combustion in air (con-
sidered as a mixture of O; and N, in a 1:3.76 molar ratio) are determined under the assump-
tion of complete combustion. The equivalence ratio ¢ characterizes the fuel-air mixture as:

e fuel-richif ¢ > 1;
¢ stoichiometric if ¢ = 1;
* fuel-leanif ¢ < 1.

Before combustion, the mixture consists of hydrogen Hj, oxygen O3, and nitrogenN,, with
mass fractions summing to one. These are calculated as:

B 2 Wy,
2 Wy, + %(Wo2 +3.76 - Wy;,)

(37)

YH, i

96



3 Numerical Simulation

} 1o
Yo,i = : (38)
2- Wy, + @(V\/o2 +3.76 - WNZ)
3.76- 1. Wy
Ynyi = e (39)
2-Why, + a(V\/O2 +3.76 - WNZ)
Yn,0,i =0 (40)

Here, Wy,, Wo,, Wy, represent the molar masses of hydrogen, oxygen, and nitrogen, respec-
tively. After combustion, the final species are water vapor H,O and nitrogen, with potential
residual hydrogen or oxygen depending on ¢.

Case 1: Fuel-rich mixture (¢ > 1)

Y 25 Wino (41)
H>,O,f —
OF T 2 L Wi+ 5376 Wy, + (2-2- 1) - Wy,
2-2-Ly.wy
Vi, f = 51 1 : ; 1 (42)
2- 5 Wio+ 1376 Wy, + (2-2- 1) Wy,
Yo, =0 (43)
y % -3.76 - W, (44)
N, =
T2 Wio+ 5376 Wiy, + (2-2- 1) - Wi,
Case 2: Fuel-lean mixture (¢ < 1)
Yinos = 2 N0 (45)
2Y,
2 Wio + 5376 - Wy, + (%—1) - Wo,
Y, =0 (46)
1_1).
Your = (i =1) Mo (47)
27,
2 Wio + 4376 Wy, + (3 1) - Wo,
1
1.376- Wy
Y f = — - (48)
2 Wio + 376 Wiy, + (5 = 1) - Wo,

These formulations ensure mass conservation and accurately represent the stoichiometry of
hydrogen-air combustion, with adjustments for any excess reactants.
The mixture-specific gas constant R is calculated as:

Yy Yo Yy
R=R I i e ) 49
! <WH2 WOz WNz ( )
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where R, is the universal gas constant. The initial density of the mixture is given by:

Py

=R (50)

Additional definitions:

e initial fuel mass per unit area:

M = 00 - YH,,i * Ltube (51)

* specific chemical energy release per unit mass of fuel, assuming complete combustion:

1
q0 = Yer - ‘Ahproducts - Al/lreactants} (52)
Hz,l
Expanded as:
1 Vi, f YH,0, Yo, f YN, f
= * .AH?,, + —"% -AH?,;, o+ —%-AH?, +—"=-AH?
10 YHz,i < I/\/H2 f/Ha WH2O fH20 I/\[O2 f.02 ]/\[N2 f,No
YH, i YH,0,i Yo,, YnN,,i
—| w25 - AHZ y, + =2 - AH} 1 o+ = . AH;, + ——= - AH;
< V\/H2 fHy WHzO fH20 I/\/O2 [0z WN2 f/N2
(53)
where:

— qo : specific chemical energy per unit mass of hydrogen fuel [J/kg];
- Y;and Yy : initial and final mass fractions of each chemical species, respectively;

- Wy : molar mass of species x;

AHj - standard enthalpy of formation of species x, [J/mol];

the use of the absolute value ensures that the resulting quantity is positive, corre-
sponding to the energy released during the combustion process;

the entire expression is normalized by the initial mass fraction of hydrogen fuel,
YH2 i, in order to express the energy on a per-unit-mass-of-fuel basis, rather than
per unit mass of the entire mixture.

This formulation quantifies the net chemical energy released by the combustion re-
action, referenced specifically to the mass of the fuel. It captures the total enthalpy
difference between reactants and products and is essential for assessing the thermody-
namic performance of the PDE.

A dimensional analysis was first performed to guide the scaling process. Then, a trial-and-
error procedure was employed to identify the dimensionless variables that best collapse the
data. The following normalized variables and parameters were introduced:

I F— t

=7 (54) P~ (55)
. P . u
e e @
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T

p= W (58) T = #7i0/Ros (59)

£ = WMF—W (60) = s /Bgfﬂ = 61)
M= (P_lLMf (62) f— W/SI—W (63)

e = gy (64 i = sy
Fv = (Psz‘iﬁ (66)

where:
* My : initial mass of fuel per unit area;

¢ g: total heat released per unit mass of fuel (based on JANAF data and complete com-
bustion);

* twave : time required for the detonation wave to reach the tube exit (x = L);
® t.uq: total simulation time, including detonation and blowdown phases.

The following physical quantities are reconstructed from dimensionless CFD simulation
data, using appropriate scaling laws derived from dimensional analysis. Each dimension-
less profile is retrieved from the database DDBB.nondim and multiplied by a corresponding
dimensional scaling factor to obtain the final physical quantity:

- L
t — t . *3/8 . tube 67
¢ NG (67)
Poutier = P- g 1/4 . 10" Ve (68)
Ltube

Touer = T- %4 (69)

~ -1 Mge
Poutlet = 0 * ¢ L. # (70)

tube
uoutlet/ Aoutlet X ¢3/8 : \/% (71)
Moutlet = Moutlet -1 (72)
E) — (é) . < —5/8 . \/q—O Mfuel) (73)

(A outlet A outlet <P Ltube

where:
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* /qo: square root of the chemical energy per unit mass of fuel;
® Mjfyel/ Ligpe: fuel mass per unit tube length;
* ¢F: empirical scaling exponent from similarity analysis (with p a rational number).

The outlet thrust per unit area is given by:

E _ E 14 L]O'Mfuel) 74
( A ) outlet ( A ) outlet ((P Ltube ( )

This expression scales with:
® o Mgyel/ Liube: total available energy per unit length;
e ¢ /4 scaling coefficient to match the ROM.

The Mach number does not require rescaling, as it is inherently dimensionless:

YHZO,outlet = YHZO,outlet -1 (75)

Mass fractions, being dimensionless, are also left unscaled. All the rescaled variables match
the profiles stored in the DDBB.nondim database. Several key performance metrics are com-
puted from the rescaled data:

¢ Total impulse:
fend E
Ir=A / Z (1) dt (76)
0 A
Total expelled mass:

Grot = A - /O e (%) (t) dt (77)

where

- Giot : total ejected mass [kg];

_ (%> (t) : mass flow rate per unit area over time [kg/ (S'mz)];

— A : cross-sectional area of the detonation tube [m?];
— teng : duration of the blowdown phase [s].

In the MATLAB® implementation, the integral is approximated using the trapezoidal
rule:

Gtot = trapz(outs.GA_outlet(l:end-1) .* diff(outs.time)) * A;

* Specific impulse:

It It
7" Total Mass Flow  Giot (78)
* Operating frequency:
The PDE Cycle duration consists of three phases:
1. tend dim: dimensional duration of the detonation phase.
_ L
tend,dim = tend (P 3/8  tube (79)

Vo
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2. trefin: estimated refill time (assumed to be 20 times the characteristic flow time).

_ L u
tresil = 20 - ¢ 278 tﬁboe (80)

3. tof: idle time between cycles (user-defined input).

The total cycle time and frequency are:

f= (82)
tcycle = tend,dim T trefill + foff (81) tcycle
As implemented in MATLAB®:
tenddim = DDBB.tend*(ERatio” (-3/8)*Ltube/sqrt(q0));
tref = 20*%(ERatio”(-3/8)*Ltube/sqrt(q0));
tcic = tenddim + tref + toff;
f = 1/tcic;
¢ Peak thrust and pressure:
max(E/A), maX(Poutlet) (83)

e Total ejected mass: / i (t)dt

¢ Alternative (Energy-Based) Specific Impulse: computed by integrating momentum
and pressure forces:

tend
IsP,fuel - m/o <pu2 + P) dt (84)

The final output vector is normalized to the [0,1] interval using min-max normaliza-
tion:

outs.outsapp = (outs.outsapp - DDBB.mins)./(DDBB.maxs - DDBB.mins);

This method was benchmarked against full CFD simulations by Universidad Politec-
nica de Madrid. The comparison revealed that, for all performance parameters, the
maximum mean errors (ranging between 5% and 10%) occurred in the estimation of
specific impulse and peak cycle pressure. For all other parameters, mean errors re-
mained below 2%.

In the context of current industrial practice, such levels of accuracy are considered ac-
ceptable during the conceptual design phase, where rapid evaluation of performance
trends is prioritized over high-fidelity precision. Naturally, these error margins would
be unacceptable in the context of a detailed design phase, where precise performance
predictions are required. However, within the early-stage conceptual design, these ap-
proximations offer a suitable trade-off between accuracy and computational efficiency.

The authors acknowledge two principal limitations of the proposed approach:

1. assumption of one-dimensional flow: the method relies on a 1D flow approx-
imation within the PDE, while the actual physical system exhibits fully three-
dimensional behaviour. As a result, important 3D phenomena such as non-uniform
mixing, discrete fuel injection and transverse instabilities are not captured. While
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simplified correction models could, in principle, be introduced to account for
some of these effects, doing so would add complexity on top of an already sim-
plified framework—potentially undermining the original objective of efficiency;

2. limited information from sparse databases: the method depends on a ROM de-
rived from a finite number of CFD simulations. Consequently, the quality of pre-
dictions depends on the density of the database. If the training set is too sparse,
the HOSVD used to interpolate results may introduce significant errors. The user
should monitor the eigenmode decay in the decomposition to assess the reliability
of interpolated results and determine an acceptable level of sparsity.

Despite these limitations, the proposed methodology effectively fulfills the primary
goal of a conceptual design tool: to enable fast and cost-effective performance screen-
ing. It helps to quickly identify the operating conditions that yield optimal perfor-
mance, reducing the time and computational cost associated with exhaustive para-
metric CFD studies in early-stage designs. This efficiency can significantly shorten
the path to a more detailed and refined design process, which may later involve high-
tidelity simulations and experimental validation.

3.4 Results

One of the most significant results to present is the pressure loss caused by components
along the feeding line, such as check valves and flashback arrestors.

To verify the reliability of both the results and the model, a representative case is considered
with an inlet pressure of 10 bar and an inlet temperature of 293.15 K for all three feeding
lines. By running the simulation in Simulink®, the resulting pressure at the end of the feed-
ing line for hydrogen (denoted as out . Py, in Figure 50) is shown in Figure 58.

Figure 58: Pressure of H; at the end of the feeding line - Simulink®

Similar pressure trends are observed in the simulations of the other feeding lines. As il-
lustrated in Figure 58, once the system reaches steady-state conditions, the pressure at the
end of the line is 9.70 bar—slightly lower than the initial 10 bar. This result aligns with the
data provided in the datasheets of the components discussed in Chapter 2. In particular, the
primary sources of pressure loss along the line are:

1. flashback arrestors: these typically induce a pressure drop in the range of 0.1 to 0.5 bar
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for air and hydrogen, depending on the operating conditions;

2. critical flow nozzles: the pressure loss is approximately 6-10~° times the difference
between the inlet pressure and atmospheric pressure (i.e., around 0.06 bar for an inlet
pressure of 10 bar).

Other sources of pressure loss are considered negligible.

Therefore, the observed pressure drop of 0.3 bar is fully consistent with the specifications
provided by the component manufacturers.

It should be noted that, for clarity of presentation in Figure 58, the intermittent behaviour of
the rotary valve is not included. The purpose of this plot is to demonstrate that the pressure
losses in the Simulink® model align with those specified for the selected components.
Additionally, the temperature is slightly affected by the elements in the feeding line, stabi-
lizing at 293.42 K in this case. However, as this variation is minimal, the primary factor to
consider remains the pressure change, which significantly influences the performance of the
PDE.

As previously illustrated, the initial conditions for the ROM input are derived using the
Simulink® model. Specifically, in the case of an initial pressure of 10 bar and an initial tem-
perature of 293.15 K, the corresponding ROM inputs are 9.70 bar and 293.42 K.

The remaining inputs, as discussed in Section 3.3, include the equivalence ratio ¢, tube
length L, diameter D, and the relaxation time ¢, Ff- Once the ROM is implemented in

MATLAB®, it becomes possible to analyse the variation in PDE performance with respect to
different inputs and thereby determine the optimal configuration.

To ensure maximum performance, an initial pressure of 10 bar (equivalent to 9.70 bar at the
ROM inlet) is used, as this provides the highest thrust, as shown in Figure 59. This was also
confirmed by the CEA results presented in Chapter 2, making Figure 59 a validation of the
implemented model.

x10% Thrust vs Pressure

Py|bar]

Figure 59: Maximum thrust as a function of initial pressure (Tp = 293.42 K, ER = 1.05,
L=066m,D =0.05m,t,;sf =0.005s) - MATLAB®

In this context, thrust is considered a more relevant performance parameter than specific
impulse, as the latter remains nearly constant with pressure changes in a PDE, provided the
propellant pair is fixed. This is demonstrated in Figure 60.
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Specific Impulse vs Pressure
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Figure 60: Specific impulse as a function of initial pressure (Ty = 293.42 K, ER = 1.05,
L =0.66m, D = 0.05m, t,;; = 0.005 s) - MATLAB®

To simplify both the problem and the experimental setup, the initial temperature is assumed
to be the ambient one—293.15 K—corresponding to 293.42 K at the end of the feeding line.
Nevertheless, the ROM suggests that a lower temperature (e.g., 250 K) would yield better
performance.

With pressure and temperature fixed, the next step is to explore the optimal geometrical
configuration for maximum thrust.

5 Thrust vs Geometrical Configuration %104
x10

1.5 -

TIN|

0.5 -

Figure 61: Maximum thrust as a function of geometrical configuration (Py = 9.70 bar, Ty =
29342 K, ER = 1.05, t,sf = 0.005 s) - MATLAB®

This analysis assumes that distributed pressure losses—scaling with the detonation tube
dimensions—are negligible compared to concentrated losses. The latter are considered con-
stant across all configurations, since components such as valves, along the feeding line, re-
main identical in type and number regardless of the tube geometry. Distributed losses are on
the order of Pascals, whereas concentrated losses reach magnitudes of 10* Pa. Consequently,
even with changes in L and D, Py and Tj are assumed constant.
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As shown in Figure 61, the highest thrust is obtained with the longest tube. Thrust is not
influenced by the tube diameter or the cut-off time f,s since these are not modelled in the
CFD simulation. However, practical constraints limit feasible configurations; pairing a long
tube with a small diameter can lead to structural failure, such as buckling or cracking.
Similar to pressure effects, specific impulse remains unaffected by variations in L and D for
a fixed propellant combination, so the corresponding plot is omitted.

To assign a suitable diameter for the optimal length of 1.5 m, experimental data are interpo-
lated, as shown in Figure 62. The three data points correspond to configurations discussed
in Chapter 2, Section 2.8.

L-D Relationship

D [cm]
~
T

Figure 62: Tube diameter as a function of length - MATLAB®

From this interpolation, the diameter corresponding to L = 1.5 m is found to be 8.39 cm.
The wall thickness, calculated using Equation (18) as in Section 2.8, is:

¢ X FS =

18.04 x 41.95

792

-4 x 3 =11.47 mm

(85)

According to the cost analysis (Figure 49), this configuration results in a cost of €137481,72.

With these parameters defined, the remaining ones are the equivalence ratio and f,¢¢. For
torf, which is external to the CFD model, a standard value of 0.005 s is adopted. ¢ is opti-
mized following the same approach as the previous parameters.
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2 3<1O5 Thrust vs Equivalence Ratio

T[N]
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¢[-]
Figure 63: Maximum thrust as a function of equivalence ratio (Pp = 9.70 bar, Ty = 293.42 K,
L =150m, D = 0.0839 m, t,rf = 0.005 s) - MATLAB®

A similar trend is observed in specific impulse, shown in Figure 64.

Specific Impulse vs Equivalence Ratio
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Figure 64: Specific impulse as a function of equivalence ratio (Py = 9.70 bar, Ty = 293.42 K,
L=150m, D = 0.0839 m, t,rf = 0.005s) - MATLAB®

In conclusion, the following input parameters are selected for maximum performance:

e Py =9.70 bar;

e To =293.42K;
e [ =150m;

e D =0.0839 m;
e p=1;

* torp = 0.005s.

This configuration yields a maximum thrust of 1.933 - 10° + 0.0387 - 10° N and a specific
impulse of 1746.1 4+ 174.61 m/s. The specific impulse (180 s) is comparable to that of hy-
drazine monopropellants, while the thrust greatly exceeds that of monopropellants (typi-
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cally 0.5-500 N). Similar thrust levels are found in upper-stage liquid engines (e.g., LE-5B at
137 kN) or in the Pratt & Whitney F135 engine (191 kN). It should be noted, however, that
the thrust generated by a PDE is not continuous, as illustrated in Figure 69, resulting in a
substantially lower average thrust.

The fuel-based specific impulse is 6171.2 s, consistent with literature (see Figure 7).

If the feeding line is not modeled, and ideal inlet conditions (Py = 10 bar, Ty = 293.15 K) are
used, keeping all other parameters fixed, the resulting performance is:

* Specific impulse Isp = 1746.1 £174.61 m/s;
 Maximum thrust T = 1.994-10° £ 0.0399 - 10° N.

Thus, specific impulse remains unaffected, while thrust decreases by 3.1% due to pressure
losses.

Thrust [N] x10°

09 i __—
08 47 — " 08

- 06
o] 05 04 Lpm]

Figure 65: Thrust as a function of Py, ¢, and L (T = 293.42 K, D = 0.0839 m, t, 7f = 0.005 s)
-MATLAB®

Figure 65 demonstrates that the maximum thrust is achieved when Py and L are at their
maximum values and ¢ = 1. This confirms that analysing each parameter individually or
varying them simultaneously leads to the same optimal configuration, indicating consis-
tency in the optimization approach.

With the configuration now fixed, the transient behaviour of key parameters can be observed
using the ROM:

¢ pressure: Figure 66;

* temperature: Figure 67;

density: Figure 68;

thrust: Figure 69;
¢ mass flow rate: Figure 70.

The peaks in these plots correspond to the moment the flow reaches Mach 1.
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Figure 66: Pressure during the detonation process as a function of time (P, = 9.70 bar,
To=29342K,L =150m, D =0.0839m, ¢ =1, ;¢ = 0.005s) - MATLAB®
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Figure 67: Temperature during the detonation process as a function of time (Py = 9.70 bar,
Ty =293.42K, L = 1.50m, D = 0.0839 m, ¢ = 1, t,s = 0.005 s) - MATLAB®
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Figure 68: Density during the detonation process as a function of time (Py = 9.70 bar, Tp =
29342K,L =150m, D =0.0839 m, ¢ =1, t,rr = 0.005 s) - MATLAB®
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Figure 69: Thrust during the detonation process as a function of time (Py = 9.70 bar, Ty =
29342K,L =150m, D =0.0839 m, ¢ =1, t,5y = 0.005s) - MATLAB®
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Figure 70: Mass flow rate during the detonation process as a function of time (Py = 9.70 bar,
To=29342K,L =150m, D =0.0839m, ¢ =1, t,rf = 0.005s) - MATLAB®

The working frequency is 83.4 Hz: therefore there is one detonation every 0.01 s, which is
the time range of the previous plots. The trend depicted in the plots perfectly align with the
phases already described:

¢ filling : at the beginning;

e ignition : the detonation wave happens in correspondence of the peak found in the
figures;

¢ exhaust : the pressure, and so as the other variables, decreases;

¢ purging : N injected to purge combustion products and prepare for the next cycle.

3.5 Validation Of The Results

The verification of the pressure at the end of the feeding line was already carried out in Sec-
tion 3.4 by comparing the simulation results obtained from Simulink® with the component
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data provided in the respective datasheets.

The current focus is on validating the results of the plots generated in MATLAB®, by com-
paring them with findings from previous studies in the literature.
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Figure 71: Comparison of time evolution of thrust and mass flow rate: data reduction vs
CFD. Py = 7.30bar, Tp =307 K, L =1m, D = 0.07m, ¢ =0.7, t,7 = 0.071 s [36]

The trends in Figure 71 exhibit lower values for both thrust and mass flow rate compared to
those from the simulations. This discrepancy arises from the fact that the input parameters
used in this case are not optimized. Nevertheless, the overall behavior is consistent with the
trends reported in other studies from the literature [72] [73] [74].

With the trends now validated, the next step is to confirm the numerical values. This is
achieved using NASA’s CEA program, which allows the evaluation of whether peak values
of temperature, pressure and density are consistent.

Property Value
Udetonation [m/S] 2007.2
P,/ Py 16.3
T/ Th 10.5
p2/p1 1.8

Table 20: CEA results for H, /air mixture at 9.70 bar and 293.42 K

The following table provides a comparison between the CEA results and the numerical sim-
ulation data for the same initial conditions:

Parameter Simulation CEA

Py [bar] 155.8 158.6
Tinax [K] 3022.8  3086.2
02/p1 2.1 1.8

Table 21: Comparison between CEA and simulation results for Hj /air mixture at 9.70 bar
and 293.42 K
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The results show good agreement with the CEA predictions, thus confirming the validity
of the simulation outputs. Minor discrepancies (e.g., 1.8% for Py;4x) can be attributed to the
differences in the models used, which involve simplifications in describing the detonation
process. These differences remain within the range reported in the literature [4].

As shown in Figure 71, the values of thrust and mass flow rate have already been validated.
Similarly, the specific impulse and the fuel-based specific impulse are consistent with values
reported in the literature (Figure 7, [75] [76] [77]).

3.6 Conclusions and Future Developments

The initial objective of designing an experimental setup capable of being adapted into an
RDE is achieved through specific design choices, such as the adoption of piezoresistive
transducers in place of piezoelectric ones.

Innovations over previous experimental configurations are introduced to enhance measure-
ment accuracy and precision and to reduce the likelihood of process-related errors. These
innovations include:

1. use of ion sensors;

2. load cell configuration without a spring-damper system;

3. high-resolution camera;

4. application of the BOS technique instead of traditional Schlieren methods;
5

. use of a rotary valve for fuel injection instead of a solenoid valve, enabling higher-
frequency operation.

In addition to the sensors used for measuring mass flow rate, temperature, pressure, accel-
eration, and force, several safety measures are incorporated:

¢ flashback arrestors to prevent flame propagation;
¢ check valves to avoid backflow;
¢ flow nozzle to regulate flow rates;

¢ emergency shutdown system to halt injection and ignition in the event of overpressure,
premature detonation, or fuel leakage;

¢ EMI shielding to ensure data integrity within the data acquisition system;
¢ open-loop water cooling system;
* nitrogen purge system to prevent premature ignition of the fuel-air mixture.

A Shchelkin spiral is selected to promote DDT, as it offers an optimal balance between en-
ergy efficiency and weight.

Contingency measures are also considered. If water cooling proves insufficient during test-
ing, additional solutions such as film cooling may be implemented.

The cost analysis is based on the selected components and the quantity required for setups
of various dimensions. A cost trend plot is created by interpolating data from three con-
tigurations documented in previous experiments (Figure 49). This plot assists in selecting
system dimensions based on budget constraints, while Figure 61 guides dimensioning based
on desired performance levels.

After selecting the components, a Simulink® model is developed to account for non-idealities
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introduced by components in the feed system, such as check valves and flashback arrestors.
A key output of this model is the temperature and pressure of the propellant at the end of
the feed line, just before entering the detonation tube. The pressure losses introduced by
these components result in a thrust reduction of approximately 3.1% under an inlet pressure
of 10 bar, and this effect must be considered.

A ROM developed by Universidad Politécnica de Madrid is employed. It exhibits a devia-
tion of approximately 10% from high-fidelity CFD results, which is deemed acceptable for
preliminary design phases. Using a dimensionless analysis, the ROM enables evaluation of
propulsive parameters such as specific impulse and thrust. Input parameters are optimized
to maximize performance, with the best results obtained using maximum pressure and deto-
nation tube length, and a stoichiometric fuel-air mixture. The tube diameter is chosen based
on interpolation of three configurations from past experiments, as shown in Figure 62.

The resulting optimized configuration yields a maximum thrust of 1.933 - 10° & 0.0387 - 10°
N and a specific impulse of 1746.1 & 174.61 m/s. The total cost of this configuration is
€137481,72.

The developed model serves as a predictive and diagnostic tool during the experimental
campaign. It allows for anticipating the expected range of values and validating experi-
mental results. In case of discrepancies, the simulation model can be updated accordingly.
This work provides a scalable and modular foundation for future propulsion testbeds, con-
tributing to the technological readiness of PDE and RDE systems for aerospace and defense
applications.

Validation is performed by comparison with literature references, including analytical mod-
els, CFD results, experimental data and NASA’s CEA code. The observed discrepancies are
within acceptable limits and are attributed to simplifying assumptions such as using a one-
dimensional model to approximate inherently three-dimensional shockwave structures and
considering perfect mixing.

The specific impulse of the optimized configuration is comparable to that of hydrazine
monopropellants, while thrust levels are similar to those of upper-stage liquid engines (e.g.,
the LE-5B at 137 kN) and military-grade engines such as the Pratt & Whitney F135 (191 kN).
It should be noted that the reported performance values are obtained without the inclu-
sion of a nozzle. The addition of a nozzle would further increase both thrust and specific
impulse. Consequently, future work should focus on determining the optimal nozzle con-
tiguration (type, area ratio) to maximize performance.

Next steps include the physical construction of the test rig, integration of advanced diagnos-
tics during experimental trials and detailed performance testing to validate the numerical
predictions under real detonation cycles.

Moreover, since a PDE generates thrust intermittently, the average thrust over time is sig-
nificantly lower. In contrast, an RDE produces continuous thrust, leading to substantially
improved performance. Specific impulses as high as 3600 s—comparable to electric and
plasma propulsion systems—have been reported for RDEs [78].

This is why RDEs represent a highly attractive propulsion solution, and the current experi-
mental setup is purposefully designed to allow conversion to RDE operation with minimal
modifications and additional cost, once PDE behaviour is fully characterized.

By laying the groundwork for an RDE-compatible PDE testbed, this thesis bridges theoret-
ical propulsion concepts with practical implementation, advancing the state of the art in
detonation-based propulsion research.
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A Chapter 3 Appendix: Simulink model

Motor TS4613 Subsystem Key Components of the Motor System (Figure 53):

¢ Power source - Three-Phase Source block: provides the grid input to the system, sim-
ulating a standard utility network. Both voltage and frequency can be adjusted in this
block. According to the motor’s datasheet, the input voltage is set to 200 V [26].

* Measurement Block — vi Subsystem: measures phase voltage and current from the
source, as shown in Figure 72.

D Tou
-1 = &
~2

Current Sensor v

Phase Voltage Sensor

=
Grounded Neutral

->p.u.v

Figure 72: vi Subsystem inside Motor TS4613 Subsystem - Simulink®

It provides signals for the PLL and power regulation blocks. A similar subsystem, vi
abc, outputs the signals I_ABC and V_ABC.

¢ Grid-Side Converter (GSC): implemented in the Motor Controls subsystem (Figure 73),

it maintains a stable DC-link voltage regardless of transient power demands from the
motor side.
The GSC is modeled as a three-phase voltage source converter, using vector (field-
oriented) control in the rotating d-q reference frame. It operates in sensorless mode,
dynamically regulating active and reactive power exchange with the grid, using cas-
caded control loops (outer voltage, inner current). Its internal structure (Figure 74)
includes:

1. Voltage regulator (PI);
2. Current regulator (d/q);
3. dq0 to abc modulation;
4. PWM Generator.

The reference value of the link voltage, Vdc,.r, must be at least 1.2 times higher than
the AC RMS voltage. For a 200 V motor, 350 V is selected.
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Figure 73: Motor Controls Subsystem inside Motor TS4613 Subsystem - Simulink®
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Figure 74: Grid-Side Converter Subsystem inside Motor Controls Subsystem- Simulink®

¢ Machine-Side Converter (MSC): converts DC into AC to drive the induction motor, as

shown in Figure 75.
It performs speed and torque control via:

1. dq0 transformations;
2. PI current regulators;

3. PWM modulation.
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Figure 75: Machine-Side Converter Subsystem inside Motor Controls Subsystem -
Simulink®

The MSC regulates the torque and flux of the induction machine by controlling the
stator currents in the synchronous rotating dg frame. Figure 75 shows the internal
structure of the MSC control system, including current loops, speed controller and a
sensorless flux observer. Control inputs include:

— Imag_ref — the magnetizing current reference (typically 0.6 to 0.9 p.u.), which de-
tines the flux linkage;

— Spd_ref — the mechanical speed reference, in rpm (3000 rpm for 200 Hz).

A Current Rate Limiter and Speed Rate Limiter blocks prevent abrupt changes by
applying ramp limits of 2 p.u./s and 83.3 rpm/s respectively. The latter corresponds to
the maximum rotational speed of the motor of 5000 rpm/min [26].

A Model Reference Adaptive Control (MRAC) flux observer estimates the rotor flux,
speed and angle:

— inputs: stator voltages v,;, and currents i,;
- OutputSZ {dS/ qu, lpr, GM, wr.

Zero-order hold blocks ensure synchronization with the control sampling rate.
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Figure 76: Sensorless Flux Observer (MRAC) Subsystem - Simulink®
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Figure 77: abc—dgs subsystem of Sensorless Flux Observer (MRAC) Subsystem - Simulink®
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Figure 79: Reference model (stator equations) subsystem of Sensorless Flux Observer
(MRAC) Subsystem - Simulink®
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Figure 80: Adaptive model (rotor equations) subsystem of Sensorless Flux Observer
(MRAC) Subsystem - Simulink®
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Figure 81: Rotor flux mag. & angle subsystem of Sensorless Flux Observer (MRAC) Subsys-
tem - Simulink®
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Simulink®
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Figure 83: abc—dq subsystem of Sensorless Flux Observer (MRAC) Subsystem - Simulink®

¢ Induction Motor — Three-Phase Asynchronous Machine (Sensorless)
— Block: Asynchronous Machine SI Units;
— Sensorless control: uses flux estimation;
— Connected to a Inertia block representing the rotary valve disk.

* Mechanical Load - Inertia block: models the inertia of the rotary valve. The value of
the inertia is calculated from:

J= %mrz = % : (pmfzh) r?

1
= 58000 7- (0.0463)? - 0.0093 - (0.0463)? = 5.37 x 10~ *kg - m?

(86)

* Mechanical Load - Ideal Torque Source + PS Constant blocks: apply constant mechan-
ical torque (0.45 N - m as stated in Chapter 2) as resistive load. A constant torque is
appropriate for evaluating stationary performance of a rotating valve.

e Mechanical Load - Machine Inertia block : to simulate the inertia of the motor, which
is specified in the datasheet of the TS4613 as 0.86-10~* kg-m? [26].

* Motion Sensor and Angle Estimation - Motion Sensor block: measures angular speed
and position. Angle sensor block is used to generate the valve opening pattern via
angle comparison logic.

¢ Control System — Motor Controls Subsystem (Figure 73):
— Manages references for:
1. speed (Spd,.f);
2. magnetizing current (Imag.r);
3. DC voltage (Vdc,).
— Connects to both:

1. MSC controller;
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2. GSC controller.
— Inputs:

1. Spd,er = 3000 rpm for 200 Hz (as discussed in the rotary valve section, see Sec-
tion 2.5.2). The value is scaled proportionally for different frequencies;

2. Imagyr =0.7 p.u;
3. Vdcy,s : at least 1.2 times greater than the AC RMS voltage.

¢ The Measurements subsystem is responsible for acquiring and converting electrical and
mechanical quantities necessary for asynchronous motor control. Its structure is shown
in Figure 84.

D e G

Discretreq Hz->rad/s  rad/s ->p.u. Discrete
001s+
Zero-Ordér mag Zero-Order
Three-phase PLL Hold5 Vdc Filter
Discrete ”
» abc { iabe
G0 ™ " y il v
[theta >—»{8,,,c ) 0.001s+1
abe->dg d-axis voltage filter 1] Gl
Disc{ete
= u y idF
Zero-Order»{ 8o d-axis current filter
Hold4 abc->dg1
Disc;{ete
theta u y igF
- 0.001s+1

g-axis current filter

Figure 84: Motor measurements Subsystem inside Motor TS4613 Subsystem - Simulink®

— Functions:
Task Output
Estimate rotor angle 6
Estimate electrical speed w (rad/s)
Filter DC link voltage VdcF
Extract d/q currents (grid side) idF, iqF

Provide phase voltages and currents V_ABC, I_ABC

Table 22: Outputs of the Motor measurements Subsystem inside Motor TS4613 Subsystem -
Simulink®

— Main Sections:
1. PLL Section (Grid Synchronization):
+ input: Vgapc (three-phase grid voltages);

+ performs abc — dq transformation using the rotor angle 6;
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+ the PLL block extracts the grid frequency (Hz) and computes the electrical
angle 0;

+ converts frequency from Hz to rad /s and then to p.u. for control use.

2. Filtering Section:
+ applies first-order filters (H(s) = 1/(0.001s + 1)) to voltages and currents;
+ ensures smoothed signals for the PI controllers.

3. Pass-through Section: transfers raw V4pc and I4pc for monitoring and visual-
ization.

* The Scopes subsystem contains visual monitoring tools for key electrical and mechani-
cal quantities, as shown in Figure 85. The monitored signals are:

1. VdcF, Vdc: filtered and unfiltered DC-link voltage;
. Vg x idF: active power from the grid;

. omegaR: actual rotor speed;

. I_ABC : three-phase stator currents;

2
3
4. Igapc, Vgapc: grid-side currents and voltages of the asynchronous motor;
5
6. Te: electromagnetic torque;

7

. omegar : rotor speed (converted to rpm).

-—DI ABC
Grid currents [p.u.]

o i
VdcF ik DC-link voltage [V]

-—b\f ABC I_ABC >
Grid voltages [p.u.] D \—/ Stator currents [p.u.]

| Te > Torque [Nm]
Rotor speed [rpm]
omegar] b

ASM
Converter

p.u.-> Sl 1

Figure 85: Motor Scopes Subsystem inside Motor TS4613 Subsystem - Simulink®

These scopes are used solely to verify the correct functioning of the motor. As they are
not essential to the main objectives of this work, they will not be further analysed.
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Reduced Order Model The reactions used are listed in Table 23.

Reaction Arrhenius Parameters
(A, b, E)
OH + H, = H + H,O 2.14-108,1.52, 3449.0
O+OH=0,+H 2.02-10™, —04, 0.0
O+H,=OH+H 5.06 - 10*, 2.67, 6290.0
H + O, (+M) = HO, (+M) 452 -10%, 0.0, 0.0
H + O, (+N,) = HO, (+Npy) 4.52-10%, 0.0, 0.0
H + O, (+H,) = HO, (+H)) 2.03-10%%, —1.59, 0.0
H + O, (+H,0) = HO; (+H,0) 1.52-10", —1.133, 0.0
OH + HO, = H,0 + O, 2.10-10%, —2.437,0.0
OH + HO, = H,0 + O, 9.10 - 10, 0.0, 10964.0
H + HO, = OH + OH 1.50 - 10, 0.0, 1000.0
H+ HO, = H, + Oy 8.45-10'", 0.65, 1241.0
H + HO, = O + H,0 3.01-103,0.0,1721.0
O+ HO, = O, + OH 3.25-10'3, 0.0, 0.0
OH + OH = O + H,0 3.57-10% 2.4, —2112.0
H+H+M=H,+M 1.00-10™8, —-1.0, 0.0
H+H+H,=H, + H, 9.20- 10, —0.6, 0.0
H +H + H,0 = H, + H,O 6.00-10", —1.25, 0.0
H+OH+M=H,+M 2.21-10%%, —1.25, 0.0
H+O+M=0OH+M 4.71-10"8, —1.0, 0.0
O+0+M=0,+M 1.89-10'3, 0.0, —1788.0
HO, + HO, = H,05 + Oy 4.20-10", 0.0, 11982.0
HO, + HO, = H,0, + O, 1.30 - 10™, 0.0, —1629.0
OH + OH (+M) = H,0, (+M) 3.04 - 10, —4.63,
2049.0
H,O, + H = HO, + H, 1.98 - 10°, 2.0, 2435.0
H,O, + H = OH + H,O 3.07-10'3,0.0, 4217.0
H,0, + O = OH + HO, 9.55 - 10°, 2.0, 3970.0
H,0, + OH = H,0 + HO, 240 - 10°, 4.042,
—2162.0

Table 23: Arrhenius coefficients for the Hy-air reaction mechanism based on Marinov et al.
[38]. Units are in s, mol, cm?, cal, and K, respectively
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