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Abstract: A new type of marine transportation engine, the pulsed detonation hydroramjet (PDH),
which was first designed, manufactured, and tested by the present authors, has been further inves-
tigated in terms of the potential improvement of its propulsive performance. PDH is composed of
a pulsed detonation tube (DT) inserted in the flow-through water guide. Thrust is developed by
shock-induced pulsed water jets which are periodically emitted from the water guide nozzle. The
measured values of the time-averaged thrust and specific impulse in the first operation cycle were
shown to always be considerably higher than those in subsequent cycles, indicating the possibility
of improving the overall thrust performance. The present manuscript is aimed at clarifying the
reasons for, and eliminating, cycle-to-cycle variability during PDH operation, as well as optimiza-
tion of the PDH design. An experimental model of the PDH with an optically transparent water
guide was designed and manufactured. The cycle-to-cycle variability was found to be caused by the
overexpansion of gaseous detonation products in the DT due to the inertia of water column in the
water guide. Gas overexpansion caused the reverse flow of the gas-water mixture which filled the
water guide and penetrated the DT, thus exerting a strong effect on PDH operation. To eliminate the
cycle-to-cycle variability, a new PDH model was developed, manufactured, and tested. The model
was equipped with a passive flap valve and active rotary valve and operated on the stochiometric
propane-oxygen mixture. Its test firing showed that use of the valves made it possible to eliminate the
cycle-to-cycle variability and nearly double the time-averaged thrust and specific impulse reaching
40 N and 550 s, respectively.

Keywords: pulsed detonation hydroramjet; cycle-to-cycle variability; design optimization; thrust;
specific impulse

1. Introduction

Detonation-based propulsion is a topic of growing research and development interest
worldwide, mainly due to the higher theoretical efficiency of the Zel’dovich thermodynamic
cycle with propagating detonation compared to the conventional cycle with constant-pressure
combustion [1,2]. Pressure gain, high kinetic energy of detonation products, and high re-
action completeness caused by shock-induced volumetric ignition are other advantages in-
herent in the propagating detonation, which makes it attractive for advanced aerospace
jet propulsion systems based on pulsed detonation engines [3-5] and/or rotating deto-
nation engines [6-8]. The fundamental mechanisms of detonation wave propagation in
tubes and in semiconfined space were studied for gaseous [9-11] and two-phase [12-14]
explosive mixtures. This work deals with the utilization of the Zel’dovich cycle for under-
water propulsion.
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In [15-23], a new type of underwater propulsion engine was designed, manufactured,
and tested, i.e., the pulse-detonation hydroramjet (PDH). The PDH is a detonation tube (DT)
inserted into a submerged water guide (Figure 1). The DT is designed for cyclic generation
of a detonation wave that enters the water guide in the form of a shock wave. The detona-
tion wave is generated by filling the DT with a gaseous (e.g., propane—oxygen) or two-phase
(e.g., gasoline—oxygen) explosive mixture, igniting the mixture with a spark plug, and the
subsequent deflagration-to-detonation transition. Thrust in the PDH is created by pulsed
jets of a compressible aqueous medium (bubbly water), which is a mechanical mixture of
water and gaseous detonation products of each previous cycle, outflowing through the
nozzle under the action of a travelling shock wave and expanding detonation products.
Numerical simulation and experiments [20-23] showed that the optimal gas content in the
medium flowing through the water guide was 20-25%vol. With such a gas content, the
maximum increase in the momentum of the outflowing jets was achieved, and the absolute
velocity of the aqueous medium increased by 25-30 m/s compared to the velocity of the
approaching water flow ahead of the water intake. Numerical simulations [23] also showed
that the PDH could produce the time-averaged thrust with a specific impulse (the ratio of
the time-averaged thrust to the weight flow rate of explosive mixture) at a level of 600 to
2400 s.
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Figure 1. Schematic of the pulsed-detonation hydroramjet.

Various valveless and valved PDH models were tested at a laboratory test rig. Thus, in
test fires of the PDH with a 2-dm3-volume DT performed in [18,19,22,23] at an approaching
water flow velocity of up to 10 m/s the specific impulse of valveless and valved PDH
models was 350400 s without regard for the first operation cycle. The measured values
of the time-averaged thrust and specific impulse in the first operation cycle were always
significantly higher than in the subsequent cycles. During test fires, the time-averaged
thrust in the first cycle reached 300-480 N, and the specific impulse was 960-2690 s. This
fact indicated the possibility for the essential improvement of the PDH thrust performance.
It was found in [22,23] that the amplitude and duration of pressure pulses in the DT in the
first and subsequent cycles of PDH operation differed significantly (up to a factor of 2). In
addition, in each cycle (except for the first one), a parasitic rarefaction phase was detected
in the water guide with a duration of up to 10-15 ms, which affected the measured PDH
thrust. The reasons of the cycle-to-cycle variability during PDH operation have not been
identified at this stage.

There are many publications in the literature which closely bear on the processes inher-
ent in PDH operation, including shock wave propagation in bubbly media, submerged gas
jet penetration and bubble formation, shock wave coalescence, reflection from the water free
surface and rigid walls, bubble growth, deformation, and pulsation, etc. Ando et al. [24]
numerically investigated the effect of bubble polydispersity on shock wave propagation in
a bubbly liquid. The averaged shock structure in one-dimensional calculations was shown
to become less oscillatory and tending to monotonic when the bubble size distribution
broadened. Jourdan et al. [25] conducted a series of shock tube experiments on shock wave
propagation through the columns of aqueous foam, focusing on the shock mitigation capa-
bility of the foam. The mitigation effect was shown to be more pronounced for shock waves
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having a blast-shaped profile due to attached rarefaction waves. Borisov et al. [26] reviewed
the results of theoretical and experimental studies on shock wave propagation in liquids
with gas bubbles. They considered such issues as shock wave propagation velocity and
pressure, shock wave reflection from submerged rigid walls, and shock wave attenuation in
bubbly liquids. Zhang et al. [27] used high-speed photography and image post-processing
to register time-resolved structural changes in a submerged gaseous jet emanating from a
Laval nozzle. Wang et al. [28] reported the results of numerical simulation and experimental
study on gas jetting by an underwater DT and discussed the mechanism of shock wave
propagation and bubble deformation. Wang et al. [29] investigated both computationally
and experimentally the effect of the nozzle attached to a DT on the underwater shock wave
and gas detonation bubble. Three types of nozzles (converging, straight, and diverging)
were examined. The converging nozzle was shown to enhance water—gas mixing and
increase the peak pressure of the shock wave compared with the straight nozzle, as well as
to substantially inhibit the bubble pulsation process. On the contrary, the diverging nozzle
was shown to suppress water-gas mixing, increase the gas jet velocity, and enhance the
bubble pulsation process. Hou et al. [30] computationally studied the interaction of shock
waves generated by two underwater DTs. The dynamics of detonation gas bubbles and
spectral characteristics of pressure field were analyzed and the formation of a high-pressure
zone in the region between the DTs was revealed. Avdeev et al. [31] studied experimentally
the superposition of shock waves in a high-frequency (7 kHz) wave package propagating
in bubbly water and shock-to-water momentum transfer. The wave package was generated
by the time-delayed detonation of the stoichiometric propane—oxygen mixture in three
DTs submerged in bubbly water. The use of high-frequency shock-wave pulses in a PDH
was shown to be pointless because of the arising superposition of pulses worsening the
shock-to-water momentum transfer. High-speed photography, digital particle image ve-
locimetry, underwater pressure field measurements, and CFD calculations were used by
Liu et al. [32,33] to study the two-phase flow nearby the open end of the DT submerged in
water. Stoichiometric explosive mixtures of three gaseous fuels (methane, hydrogen, and
acetylene) with oxygen were detonated in the DT in a single-shot mode under the same
fill conditions. The oscillation frequencies and directional growth of the detonation gas
bubble were investigated. The dynamic behavior of the bubble in the first oscillation was
found to be very similar to that of a conventional underwater explosion. Nguyen et al. [34]
computationally studied the local dynamics of bubbles generated by free-field underwater
explosions with different charge weights. The flow field evolution was analyzed and
the effects of buoyancy were investigated. Phan et al. [35,36] simulated computationally
the dynamics of spherical and nonspherical bubbles generated by underwater explosion
and showed the predicted bubble motion was consistent with experimental observations.
Zhang et al. [37] experimentally and computationally studied the dynamic behavior of a
bubble of a real underwater explosion with regard for the charge shape and its finite-time
detonation. Liu et al. [38,39] computationally studied interactions between two bubbles
generated by underwater explosions in a free field and analyzed the characteristics of
primary shock waves and bubble pulsations. Wu et al. [40,41] and Yu et al. [42] computa-
tionally studied the cavitation phenomena caused by reflection of the shock wave generated
by underwater explosion from the water free surface and showed that the cavitated zone
could exert a significant effect on floated marine structures. Phan et al. [43] computationally
investigated the dynamic nonlinear interaction of two spark-generated bubbles and the
water free surface. Dynamic physical mechanisms of bubble coalescence, development
of an annular residual, and bubble splitting, were shown to be well reproduced. Klase-
boer et al. [44] presented the results of experiments and calculations on interactions between
an underwater explosion bubble and a nearby submerged structure in various geometrical
arrangements. Nguyen [45] investigated computationally the behavior of a bubble close to
vertical and horizontal rigid walls. Li et al. [46] both computationally and experimentally
studied the bubble dynamics near two mutually perpendicular semi-infinite rigid walls.
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The objective of this work was to improve the PDH thrust performance by clarifying
and eliminating the causes of the cycle-to-cycle variability found in [22,23]. This objective,
as well as the approach used for problem solution and the obtained results, are the novel
and distinctive features of the present work.

2. Materials and Methods
2.1. Test Rig

Figure 2 shows the schematic of the test rig with a system for creating a free submerged
water jet in the water pool 1.26 x 1.05 x 2.54 m in size [23]. To measure the PDH thrust, a
load-measuring frame consisting of a fixed base and suspension was used. A load cell was
attached to the fixed base connected to the power beam. A PDH model was attached to the
suspension that transferred force to the load cell. The suspension was attracted to the fixed
base by springs preloading the load cell. Such preloading allowed the longitudinal axial
load to be detected in both directions. When the PDH model was placed in the water jet
without feeding the explosive mixture to the DT, load cell records were taken as zero, and
when the PDH model was operating, the load cell measured thrust with an error of about
1 N. The system for creating a free submerged water jet in the pool included a motor pump
with a power of 6.7 kW and a flow rate of 1800 L/min, as well as delivery and discharge
water ducts with diameters of 110 mm introduced into the pool through glands ensuring
tightness and axial mobility. The delivery duct was equipped with a tapered conical nozzle.
Water was discharged from the water pool into the motor pump through the discharge
duct and delivered back to the pool in the form of a submerged jet through the delivery
duct. The intake of the PDH model was located along the jet axis. The outlet diameter of
the conical nozzle of the delivery duct (49 mm) was the same as the inlet diameter of the
PDH model intake, so that most water flow passed through the intake, and only a small
part of water flow went around the model from the outside. Thus, the tests were conducted
under conditions when the external hydrodynamic resistance could be neglected. Figure 3
shows the photograph of the test rig with the PDH model installed.
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Figure 2. Schematic of the test rig.
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Figure 3. Photograph of the test rig with the PDH model installed.

2.2. Baseline PDH Model

To find out the reasons for the cycle-to-cycle variability during PDH operation, we
developed a new PDH model with the vertically located DT and the coaxial water guide
(Figure 4). The DT with a volume of 1 dm? consisted of an injector head with gas fittings
and a fuel injector, a flame acceleration section with a Shchelkin spiral, a smooth section
and a conical transition section. In the experiments, the stoichiometric mixture of Nefras
C2-80/120 gasoline (Octane number 80) with oxygen was used. Fuel and oxygen were
fed to the DT separately. The fuel was injected into the DT by an automotive injector. The
fuel was supplied from the fuel tank by nitrogen-assisted displacement. The overpressure
of nitrogen gas in the tank was kept constant at a level of 0.2 MPa. Oxygen was fed to
the DT through two channels 3 mm in diameter equipped with check valves. Oxygen
was supplied to the valves from the oxygen reducer under an overpressure of 0.7 MPa.
To prevent premature ignition of a fresh portion of explosive mixture in the DT, a purge
gas (nitrogen) was shortly supplied before the explosive mixture was injected into the
DT. Nitrogen was fed under an overpressure of 0.45 MPa through one of the oxygen
channels. The ignition system consisted of an automotive electronic ignition module and
two automobile spark plugs. The ignition energy did not exceed 0.2 J. The control unit
based on the AtMega-328p microcontroller allowed setting the time intervals for the supply
of fuel, oxygen, and purge gas, triggering the ignition pulses and generating control signals
in the pulsed operation mode. The data acquisition system included three ionization probes
(IPs) and an analog-to-digital converter connected to a personal computer. Registration
of combustion and detonation processes by IPs was tested by the authors earlier and
showed high efficiency [47]. To ensure the fast deflagration-to-detonation transition and the
formation of a detonation wave, turbulizing obstacles were installed in the DT in the form
of the Shchelkin spiral [10]. The experiments were conducted at two operation frequencies:
3 and 5 Hz. The water guide was made of a plexiglass tube with an internal diameter of
80 mm and a length of 500 mm. In test fires, the water guide was vertically immersed in
water to a depth of 400 mm.

The operation cycle of the PDH model included the following stages:

- purging the DT with nitrogen gas;

- filling the DT with the explosive mixture;

- spark ignition of the explosive mixture followed by deflagration-to-detonation transi-
tion and combustion of the mixture in the propagating detonation wave; and

- momentum transfer from the propagating shock wave and expanding detonation
products to bubbly water in the water guide, and outflow of bubbly water from the
water guide.
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Figure 4. A model of pulsed detonation hydroramjet.

The time of purging the DT with nitrogen and filling the DT with the explosive
mixture did not change during the experiments. The frequency of the operation process
was controlled by a time interval between ignition triggering and purging the DT with
nitrogen. In most experiments, the supply time of fuel and oxygen was chosen so that the
DT was filled with the explosive mixture only by about two thirds of the entire volume (to
prevent the destruction of the transparent water guide and to generate a shock wave with
an amplitude less than 0.5 MPa at the DT exit).

In test fires, the pressure at the DT exit was recorded using an absolute pressure sensor
Kurant-DA (see Figure 4) possessing a measurement error of 8 kPa. The propagation
velocity of the reaction front in the DT was measured by IPs at two measuring segments
each 80 mm long with an accuracy of 5%. In addition, with the help of a CASIO EX-1 video
camera (shooting speed 300 fps) and a Phantom Miro LC310 high-speed video camera
(shooting speed 5000 fps), processes in the transparent water guide were video recorded
through a round window in the side pool wall of the laboratory test rig.

The procedure of a test fire was as follows. First, the PDH model was fixed on the
thrust-measuring frame and lowered into the pool. Then the data acquisition system and
high-speed video recording were triggered. Next, a cyclogram of PDH model operation
was launched and 5 to 7 operation cycles were performed. As the objective was to clarify the
causes of the cycle-to-cycle variability and to eliminate this phenomenon, the present study
implied the step-by-step optimization of the PDH model design and the improvement of
the PDH thrust performance. Therefore, in addition to the baseline PDH model, several
more PDH models operating either on liquid gasoline or gaseous propane were developed,
manufactured, and tested.

3. Results and Discussion
3.1. Cycle-to-Cycle Variability

Figure 5 shows the primary records of three IPs (IP#1, IP#2, and IP#3, see Figure 4)
in the DT of the baseline PDH model in one operation cycle at a frequency of 5 Hz. In
this test fire, the DT was filled completely with the explosive mixture and the water guide
was removed. The corresponding propagation velocities of the detonation wave at two
available measuring segments were 2200 & 110 and 2000 £ 100 m/s. These velocities were
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close to the thermodynamic Chapman—Jouguet detonation velocity of ~2330 m/s. The
decrease in the wave velocity toward the end of the DT is most probably explained by
the partial dilution of the explosive mixture with the purging nitrogen gas. As seen, IP#1
registered a developed detonation, thus implying that the onset of detonation occurred in
the DT upstream of IP#1, i.e., the partial fill of the DT by the two thirds of the entire volume
ensured the detonation onset.

1P#1
3.0
254
IP#2
5 2.0
T'é
2151
wm
2
2 1o _l IP#3
0.5 4
0.0
T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50

t/ms

Figure 5. Primary records of three ionization probes in the DT of the baseline PDH model in one
operation cycle.

Figure 6 shows the flow structure in the water guide of the baseline PDH model in
two successive cycles. In this test fire, the DT was filled by the two thirds of the entire
volume with the explosive mixture and the water guide was attached to the DT. The
frame in Figure 6a corresponds to the time instant when the shock wave of the first cycle
reached the unperturbed water free surface in the water guide. The frame in Figure 6b
corresponds to the time instant when the downward displacement of the water free surface
was maximal, whereas the water free surface itself was strongly perturbed. The frame
in Figure 6¢ corresponds to the time instant when the reverse flow of bubbly water was
developed in the water guide, and bubbly water filled not only the water guide, but also
penetrated the DT. Finally, the frame in Figure 6d shows the flow structure in the water
guide after the shock wave of the second cycle passed through the aqueous medium.

Figure 7 compares the pressure records at the DT exit in the first (Figure 7a) and
third (Figure 7b) operation cycles. Water penetration into the DT caused by the reverse
flow in the PDH water guide, observed in Figure 6¢,d is seen to exert a strong effect on
the measured pressure in the DT and, consequently, on the PDH thrust. This effect was
obviously caused by a pronounced rarefaction phase in the pressure record of the first cycle
(see Figure 7a). As for the third cycle, the rarefaction phase in the corresponding pressure
record was considerably less pronounced (see Figure 7b). The appearance of the rarefaction
phase was apparently associated with gas overexpansion due to the inertia of water column
and with gas cooling at the strongly perturbed water—gas interface.

For illustration, Table 1 shows quantitative data on the decrease in pressure pulse
amplitude (P) and specific impulse (Isp) in three successive cycles of the baseline PDH
model in three different test fires performed at same conditions. The specific impulse was
determined by the formula:

s \2 P(t)dt 1 \2 F(t)dt
T h-t  mg  h-—t g

)

Isp

where f is time; P(t) is the measured pressure at the DT exit; m is the mass flow rate of the
explosive mixture; g is the acceleration of gravity; S is the cross-sectional area of the water
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guide; indices 1 and 2 correspond to the beginning and end of the operation cycle; and F(t)
is the PDH thrust. Both definitions of the specific impulse in Equation (1) were proved to
provide close values for I5, [48]. The estimated error of the specific impulse determination
by this formula was less than 10%. The pressure amplitude and specific impulse for the
first cycle were reproduced quite well (within about 3% and 10%, respectively) from test to
test. In the second and third cycles, the pressure pulse amplitudes were reproduced within
about 5% and 10%, respectively, whereas the specific impulses were reproduced within
about 40% and 20%, respectively, from test to test. Such cycle-to-cycle and test-to-test
variability indicates that the hydrodynamic conditions of the explosive mixture in the DT
and the aqueous medium in the water guide prior to ignition were not identical and there
is a need in special measures to ensure the conditions identity.

a b c

Figure 6. Video frames of the flow structure in the PDH water guide in two successive cycles. The
distance between horizontal marks is 100 mm: (a) 0 ms; (b) 67.5 ms; (c) 162.5 ms; (d) 345 ms.
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Figure 7. Pressure records in the DT in the (a) first and (b) third operation cycles.
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Table 1. Pressure pulse amplitude (P) and specific impulse (Isp) in three successive cycles of the
baseline PDH model in three different test fires at same conditions.

Test Fire P#1/P#2/P#3, MPa ISP,#1/ISP,#2/ISP,#3’ S
1 0.35/0.20/0.21 1160/200/250
2 0.33/0.19/0.17 980/510/390
3 0.33/0.18/0.16 1040/390/300
Mean 0.34/0.19/0.18 1060/360/310

3.2. PDH Model with Passive Flap Valve

To eliminate the cycle-to-cycle variability during PDH operation, it was first decided
to avoid water penetration from the water guide into the DT by making a provision for
a passive flap valve (FV). For this purpose, a new PDH model with the passive FV was
created (Figure 8a). This model was composed of a vertical DT connected to a horizontal
flow-through water guide equipped with a water intake and a nozzle.

The DT was a smooth-walled cylindrical tube with an inner diameter of 49 mm and
length of 400 mm (0.5 dm? in total volume). One end of the DT was equipped with an
injector head. Another end was equipped with a passive FV. To facilitate deflagration-to-
detonation transition in the DT, a Shchelkin spiral 400 mm long with a pitch of 25 mm
made of an 8-mm steel rod was inserted in it close to the injector head.

o
a
S
c
2
® a
S
i}
[
= <
8
=
g
Water guide nozzle / g
—
Water
Flap valve

(a) (b)
Figure 8. (a) Schematic of the PDH model with a passive flap valve and (b) the photograph of the
PDH model installed on the laboratory test rig.

The water guide was a 200-mm long duct of rectangular cross section 60 mm wide
and 30 mm high with transparent 8-mm thick side walls made of plexiglass for high-speed
video recording of dynamic processes during PDH operation. The passive FV made of
stainless-steel sheet 1 mm thick was installed in such a way that it might prevent the
penetration of the reverse water flow into the DT due to the pressure difference in the water
intake and DT. The FV could be easily removed, so test fires could be performed either
without or with the valve.

Comparative test fires of the PDH model without and with FV were conducted at the
laboratory test rig of Figure 3. The photograph of the PDH model installed at the test rig
is shown in Figure 8b. The speed of the approaching water flow was 5 m/s. The PDH
operation frequency was 10 Hz. The pressures in the fuel (propane), oxygen, and purge gas
(nitrogen) supply receivers were 0.27, 0.5, and 0.7 MPa, respectively. The fill time of the DT
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with explosive mixture was varied from 40 to 60 ms and the purging time of the DT with
nitrogen was 40 ms.

Figure 9 shows two characteristic video frames of the flow structure in the PDH
without FV. The water guide was shortened by removing the nozzle section. Figure 9a
corresponds to the time instant when a shock wave emanates from the PDH. Despite
high-velocity detonation products mainly propagated from right to left, some part of the
products was seen to penetrate the water intake. Figure 9b corresponds to the time instant
when reverse flow formed in the PDH water guide. As seen, on the one hand, bubbly water
moved back from the water guide into the DT and, on the other hand, pure water turned
from the water intake into the DT.

(b)

Figure 9. Video frames of the flow structure in the PDH without flap valve: (a) shock-induced
outflow of bubbly water and (b) back flow into the DT. Bright spots correspond to the backlight
lamps. Arrows show flow direction.

Figure 10 shows the video frames of the flow structure in the PDH with FV. Figure 10a
corresponds to the stage when the DT was purged with nitrogen and filled with the
explosive mixture. Figure 10b corresponds to the time instant when a shock wave just
passed the FV and the valve was moving down to its lower position to close water flow
through the intake. Due to the inertia of the valve, some part of detonation products
penetrated the water intake (Figure 10c). Figure 10d corresponds to the time instant when
the FV was in its lower position and water flow through the water intake was closed.
Figure 10e corresponds to the time instant when the FV was in its upper position to close
the DT and allow water flow from the intake to the water guide.

The installation of the passive FV reduced water penetration into the DT and, as a
result, improved the PDH thrust performance. Table 2 shows the measured values of
the time-averaged thrust and the specific impulse for the PDH without and with FV at
three different values of the DT fill volume with the explosive mixture, V. The time-
averaged thrust and specific impulse for the PDH without FV were 17-19 N and 270-340 s,
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respectively, while for the PDH with FV the corresponding values increased to 20-23 N and
340-440 s, respectively, i.e., by 15-30%. In addition, the operation stability was improved.
These features are well illustrated by Figure 11 for test fire #2 in Table 2.

(b)

Figure 10. Cont.
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Figure 10. Video frames of the flow structure in the PDH with a passive flap valve: (a) purging of
the DT with nitrogen before the next cycle; (b) shock wave passes the flap valve; (c) penetration of
some detonation products into the water intake, (d) closing of the water intake by the flap valve; and
(e) closing of the DT by the flap valve. Bright spots correspond to the backlight lamps. Dashed lines
indicate flap valve position. Arrows show flow direction.

Table 2. Time-averaged thrust and specific impulse for the PDH without (F and Isp) and with (Fy and
Isp,v) passive flap valve at three different values of the DT fill volume, V,, with the explosive mixture.

Test Fire Vi, dm® E N F,, N Isp, s Ispv, s
1 0.4 17 20 340 390
2 0.5 18 23 310 440
3 0.6 19 22 270 340
459 o
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Figure 11. Cycle-to-cycle time-averaged thrust for the PDH without (F) and with (Fy) passive flap
valve in test fire #2 of Table 2.

It should be noted that, in addition to water penetration into the DT, other factors
reducing the PDH thrust were water flow deceleration in the water guide caused by rar-
efaction in the DT and the loss of shock-wave momentum when the shock wave interacted
with the FV. In addition, due to the inertia of the response, the FV partially prevented the
free exit of the shock wave into the water guide, thereby dissipating a part of its kinetic
energy and limiting the benefits of the shock-induced motion of bubbly water. Thus, the
installation of the FV made it possible to improve the PDH thrust performance due to
the partial reduction of the negative effect of the rarefaction phase in the DT. However,
with such an approach it was not possible to solve the problems of the loss of shock-wave
momentum due to interaction with the FV and of reverse flow formation in the water guide.
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3.3. PDH Model with Passive Flap Valve and Active Rotary Valve

To further improve the cycle-to-cycle stability, it was decided to undertake supplemen-
tary measures to reduce the loss of shock-wave momentum due to interaction with the FV
and to weaken the rarefaction phase both in the first and subsequent PDH operation cycles.
For this purpose, the PDH model with passive FV was modified by displacing the FV
into the water intake and incorporating an additional active rotary valve (RV) (Figure 12).
Mounting of the FV in the water intake eliminated penetration of detonation products into
the water guide and the loss of shock wave momentum due to interaction with the FV.
Moreover, when being closed, the FV played the role of an additional thrust wall.

The RV was mainly intended for organizing the natural supply of atmospheric air to
the DT when the pressure in the DT decreased below the atmospheric value, as well as for
blowing the DT with atmospheric air by the end of bubbly water displacement from the
water guide.

The RV consisted of two coaxial tubes. The inner tube was stationary, while the outer
tube was rotated by a belt drive (gear ratio 1:2) from an electric motor with a controlled
speed (Figure 13). The gap between the coaxial tubes was 0.2 mm. The length of the inner
tube was 200 mm, and the inner and outer diameters were 51 and 55 mm, respectively. The
wall of the inner tube had two windows symmetrical with respect to the diametral plane,
50 mm high and 8.4 mm wide (the central angle of the window was 18°). The total area of
the purge windows was 8.4 cm?. The outer tube had counter windows with a height of 54
mm and a central opening angle of 120°.

Ignition

Tonization
probes

Rotary
valve

Water guide

:':‘/\\/_’ «— Water

Flap valve

Figure 12. Schematic of PDH with a rotary valve.

Thrust
measuring frame

Figure 13. The PDH model installed at the laboratory test rig.
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To ensure the synchronization of DT and RV valve operation, the latter was equipped
with a position sensor (PS), which triggered spark ignition in the DT. The cycle diagram of
the PDH included the following stages (Figure 14a):

(1) purging the DT with nitrogen gas (time interval T1);

(2) filling the DT with the explosive mixture (time interval T2);

(3) spark ignition of the explosive mixture followed by deflagration-to-detonation transi-
tion and combustion of the mixture in the propagating detonation wave (time interval
T3); and

(4) momentum transfer from the propagating shock wave and expanding detonation
products to bubbly water in the water guide, outflow of bubbly water from the water
guide (time interval T4).

DT purging

DT filling

Ignition .3 o

Active phase

T T Ts Ti T2 T3

T T2

Smax b — e —

j st ] \
o4 ———— J
fon toff fon fott

b 1

Figure 14. Operation cyclograms of (a) PDH and (b) rotary valve: t.g is the time interval when the
valve is closed, fon is the time interval when the valve is open, Atign is the time interval between
ignition triggering and valve opening (ignition delay).

The half time (T1/2) of RV revolution (Figure 14b) corresponded to one operation cycle
of the PDH. PDH operation with the RV was controlled by a control code with feedback
created in the Arduino environment. Time intervals T1 and T2 were set in the control unit.
Time interval T3 was determined by the dimensions of the PS and the PDH operation
frequency and was relatively short (less than 2 ms) and therefore neglected. Time interval
T4 for the (i + 1)th revolution was calculated from the value of T1/2 for the previous ith
revolution as ’ '

T, =T~ (T +T2) @

The opening of the RV weakened the rarefaction phase in the DT and prevented the
formation of the reverse flow of the aqueous medium in the water guide, accompanied
by casting of films and drops of water into the DT. The RV could be easily fixed at any
position, so test fires could be performed either with deactivated or activated valve.

Test fires of the PDH model with RV were performed on the laboratory test rig of
Figure 3 at two operation frequencies (7 and 14 Hz) at an approaching water flow velocity
of 5m/s, and Vi, ~ 0.4 dm3. The pressure in the receivers for supplying fuel (propane),
oxygen, and purge gas (nitrogen) was 0.27, 0.5, and 0.7 MPa, respectively. The fill time of
the DT with the explosive mixture was 40 ms and the purging time of the DT with nitrogen
was 40 and 26 ms for an operation frequency of 7 and 14 Hz, respectively. Figure 15
compares the primary records of PDH thrust and pressure at the DT exit for two modes
of PDH operation with a frequency of 14 Hz: with deactivated RV (in the closed position,
Figure 15a) and with activated RV (Figure 15b). Firstly, the use of the RV led to more
regular PDH operation as cycle-to-cycle variations in thrust and pressure were considerably
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smaller and the first cycle was better reproduced in each subsequent cycle. Secondly, the
duration of the rarefaction phase essentially decreased for the PDH with RV. In addition,
an increase in the time-averaged thrust from 8 N with the deactivated RV to 35 N with the
activated RV must be noted.
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Figure 15. Time histories of the PDH thrust (top) and pressure at the DT exit (bottom) for the PDH
model with (a) deactivated (in the closed position) and (b) activated rotary valve; operation frequency
14 Hz.

Figure 16 compares video frames of the flow structure in the water guide at PDH
operation with deactivated (left column) and activated (right column) RV. When the RV
was deactivated, reverse water flow formed in the water guide. However, when the RV
was activated, there was no reverse water flow in the water guide.

Figure 17 shows a series of video frames of the flow structure in the PDH at five
instants of time corresponding to the beginning of five successive cycles under conditions
when the PDH operated at a frequency of 14 Hz with an approaching water flow velocity
of 5m/s. The time instants are shown by vertical lines in the upper diagram presenting
the synchronized time histories of PDH thrust and pressure at the DT exit. As seen, the
RV avoided reverse water flow in the water guide and provided good reproducibility of
hydrodynamic conditions at the beginning of each operation cycle.

Figure 16. Cont.
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Figure 16. Video frames of the PDH operation cycle (operation frequency 7 Hz, approaching water
flow velocity 5 m/s) with deactivated (left column) and activated (right column) rotary valve:
(a) t = 0 (shock wave enters the water guide); (b) 45 ms; (c) 55 ms. Arrows show flow direction. Bright
spots correspond to the backlight lamps.
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Figure 17. Video frames of the flow structure in the PDH at five instants of time corresponding to
the beginning of five successive cycles for PDH operating at 14 Hz at the approaching water flow
velocity of 5 m/s. The upper diagram presents the synchronized time histories of the PDH thrust and
pressure at the DT exit. Arrows show flow direction. Bright spots correspond to the backlight lamps.

3.4. Effect of Ignition Delay on PDH Thrust Performance

The response of the PDH thrust performance to the ignition delay Atis, was also
investigated for the PDH model with passive FV and active RV. Here, the ignition delay
was the time delay for triggering the spark plug in the DT after the RV reached a preset
position. In experiments, Atjg, varied from 0 to 30 ms at a PDH operation frequency of
7 Hz and from 0 to 17 ms at a frequency of 14 Hz.

At Atign = 0, the explosive mixture in the DT was ignited at the moment when the
RV started opening. In this case, a detonation wave propagated in the DT while the area
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of the purge windows of the RV increased, and the cycle active phase (the outflow of the
aqueous medium from the water guide) proceeded mainly with fully open purge windows.
At the maximum values of Atig,, the explosive mixture was ignited at the moment when
the RV was already completely closed, and the cycle active phase could proceed with the
RV either fully or partially closed, depending on the valve revolution speed. Thus, the
ignition delay determined the duration of the PDH cycle active phase, during which the
thrust was produced.

Figure 18 shows the experimental dependences of thrust (Figure 18a) and specific
impulse (Figure 18b) on the ignition delay. For both values of operation frequency, there
was an optimal ignition delay (14-16 ms), at which the maximum values of thrust (up to
40 N) and specific impulse (up to 550 s) were achieved. A reduction of the ignition delay
with respect to the optimal value led to a loss of useful pressure in the DT, since the cycle
active phase proceeded with a partially or fully open RV. An increase in the ignition delay
with respect to the optimal value reduced the PDH thrust due to the overexpansion of
detonation products in the DT with the formation of reverse water flow in the water guide,
accompanied by casting of water films and drops into the DT. It is worth noting that with
the deactivated (completely closed) RV, the time-averaged thrust and specific impulse of
the PDH were 8 N and 150 s, respectively, i.e., they were much less.
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Figure 18. Experimental dependences of the PDH time-averaged (a) thrust and (b) specific impulse
on the ignition delay Atjg,: 1—frequency 7 Hz, 2—14 Hz; horizontal dashed lines correspond to the
values of thrust and specific impulse for the PDH with deactivated rotary valve (frequency 14 Hz).

4. Conclusions

The pulsed detonation hydroramjet, a new type of marine transportation engine, was
investigated in terms of the improvement of its propulsive performance. The reasons for
cycle-to-cycle variability during the operation of a pulse-detonation hydroramjet were clar-
ified. It was found that the cycle-to-cycle variability was associated with gas overexpansion
in the detonation tube due to the inertia of the water column. Gas overexpansion caused
the reverse flow of water-gas mixture in the water guide and penetration of this mixture
into the detonation tube, exerting a strong influence on the cyclic operation process. To
eliminate the cycle-to-cycle variability, a new PDH model equipped with a passive flap
valve and active rotary valve was developed, manufactured, and tested. Test fires of the
model showed that, other things being equal (operation frequency 14 Hz, stoichiometric
propane—oxygen mixture), the use of the valves made it possible to significantly reduce
the cycle-to-cycle variability and nearly double the PDH time-averaged thrust and specific
impulse: up to 40 N instead of 17 N and up to 550 s instead of 340 s.
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Abbreviations
CFD Computational fluid dynamics
DT Detonation tube
FV Flap valve
P Ionization probe
PDH Pulsed detonation hydroramjet
PS Position sensor
R&D Research and development
RV Rotary valve
Nomenclature
F Time-averaged thrust of PDH
F(t) Thrust of PDH
Fy Time-averaged thrust of PDH with a passive flap valve
g Acceleration of gravity
Isp Time-averaged specific impulse of PDH
Isp,v Time-averaged specific impulse of PDH with a passive flap valve
m Mass flow rate of the explosive mixture
P Pressure pulse amplitude
P(t) Measured pressure at DT exit
S Cross-sectional area of water guide
t Time
toff Time interval when the RV is closed
ton Time interval when the RV is open
T1,T2,T3,T4 Time intervals in PDH operation cycle
T1/2 half time of RV revolution
Vm Fill volume of the DT with the explosive mixture
Atign Ignition delay
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