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SYSTEMS AND METHODS FOR ANTI-PHASE OPERATION OF PULSE
COMBUSTORS

{0001}
[0002]
TECHNICAL FIELD

[0603]  The present disclosure relates to combustors and jet engines. More specifically,

the present disclosure relates to pulse combustors and pulsejet engines and their operation.
BACKGROUND

[0004] A typical pulse combustor (or pulsejet engine) consists of a combustion chamber,
an inlet pipe, a fuel injector, a spark plug (or other ignition means), and an exhaust pipe. The
combustion chamber, inlet pipe and exhaust pipe are often cylindrical, but are not limited to
such geometry and can take on a variety of shapes. The diameter of the inlet and exhaust
pipes is generally smaller than the diameter of the combustion chamber, and the length of the

inlet pipe is generally significantly smaller than the length of the exhaust pipe.

[6005]  The advantages of pulse combustors include their ability draw in fresh air and
sustain operation without any external machinery or moving parts. Pulse combustors can also
be used as thrust-producing devices, in which case they are commonly referred to as
“pulsejet” or “pulse jet” engines. Pulsejet engines have been in use for a long time and have
been used to propel several types of aircraft over the last century. Pulsejet engines are often

characterized by a diverging exhaust pipe to aid in thrust production.
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[0006]  Pulsejet engines are characterized by their simplicity, particularly because of the
lack of moving parts. However, the oscillating nature of the flows into and out of the pulsejet
engines tends to produce very high noise and vibration levels that have often been cited as the
most serious hurdles in the widespread implementation of pulsejet engines. One particular
goal in developing improved pulsejet engines is addressing the high noise and vibration
levels. Further, another goal in developing improved pulsejet engines is improving

efficiency, mechanical energy conversion, and/or thrust from pulsejet engines.

[0007] It has previously been proposed that one way to counter the oscillating nature of a
pulsejet engine is to operate two pulsejet engines simultaneously but in anti-phase. In this
manner, the oscillating nature of one pulsejet engine is countered by the other. An
arrangement to produce such operation between two pulsejet engines has been designed and
tested by several researchers, for example, in U.S. Pat. No. 4,840,558 A. This arrangement
requires the exhaust pipes of two pulsejet engines to be connected via a chamber with
relatively large volume and/or requires the inlet pipes of two pulsejet engines to be connected
via a chamber with a relatively large volume. These connecting chambers are often referred
to as ‘decoupling chambers’. While this arrangement has been successful in producing anti-
phase operation, it also has the detrimental effect of reducing oscillation pressure amplitude
of the engines, as has been noted by several researchers, including, for example, R. G. Evans
and A. S. Alshami in their paper Pulse Jet Orchard Heater System Development: Part L.
Design, Construction, and Optimization. This loss of oscillation pressure amplitude
manifests itself as a reduction in useful mechanical power output, or in the case of a thrust-
producing pulsejet, as a loss of thrust. The loss of pressure amplitude can occur for several
reasons, one of which is that the insertion of a decoupling chamber between the intake pipe
and the atmosphere provides higher resistance to flow drawn into the combustion chamber
from the atmosphere, as compared to the case with no decoupling chamber. The result is that
a smaller amount of air enters the chamber for a given pressure difference between the
combustion chamber and the atmosphere, resulting in lower amounts of fuel that can be
burned, and subsequently, lower energy release per cycle. Similarly, the insertion of a
decoupling chamber between the exhaust pipes of pulsejets impedes the high-velocity
exhaust gases, also leading to thrust loss.

[0008]  None of the prior tools are especially well optimized for operating two pulsejet

engines (or pulse combustors) in anti-phase. One goal in developing improved systems and

-2-
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methods for operation of pulsejet engines (or pulse combustors) is to provide an arrangement
which would produce anti-phase operation between two pulsejet engines (or pulse
combustors) with minimal interference in the operation of the individual pulsejet engines (or
pulse combustors).

SUMMARY

[0009] In some embodiments, the present disclosure relates to two pulsejet engines (or
pulse combustors) connected to each other at their combustion chambers by means of a
connecting tube. The length of the connecting tube may corresponds to half a wavelength of
the periodic operation of each pulsejet engine (or pulse combustor). In some embodiments,
two pulsejet engines (or pulse combustors) connected to each other via a tube having a length
corresponding to half a wavelength of the periodic operation of each pulsejet engine (or pulse

combustor) operate in anti-phase.

[0010] Some embodiments of the present disclosure relate to operating two pulsejet
engines (or pulse combustors) connected to each other via a tube having a length
corresponding to half a wavelength of the periodic operation of each pulsejet engine (or pulse
combustor), producing less noise and vibration than a single pulsejet engine (or pulse
combustor) or two uncoupled pulsejet engines (or pulse combustors) because the oscillatory
flow of one pulsejet engine (or pulse combustor) is countered by the oscillatory flow of the
other. The unsteadiness of the combined system is less than the unsteadiness of a single
pulsejet engine (or pulse combustor) or two uncoupled pulsejet engines (or pulse

combustors), which results in reduced noise and vibration levels.

[0011] One aspect discussed herein relates to a pulse combustor system. The pulse
combustor system includes a first pulse combustor and a second pulse combustor. The first
pulse combustor includes a first combustion chamber, a first inlet pipe, a first exhaust pipe,
and a first fuel injector for injecting fuel into the combustion chamber. The second pulse
combustor includes a second combustion chamber, a second inlet pipe, a second exhaust pipe,
and a second fuel injector for injecting fuel into the combustion chamber. The first pulse
combustor and the second pulse combustor have a fundamental oscillation mode and one or
more additional oscillation modes when operated in isolation. A tube connects the first pulse
combustor combustion chamber to the second pulse combustor combustion chamber. The

tube has a length corresponding to 1/2 of the fundamental oscillation mode wavelength.



CA 02980285 2017-09-19

WO 2016/200460 PCT/US2016/023241

[0012] In some embodiments, the pulse combustor system reduces exchange of gas
between the connecting tube and the combustion chambers of the first and second pulse
combustors during operation. In some embodiments, no gas travels from the connecting tube
into the second pulse combustion chamber. In some embodiments, no gas travels into the

connecting tube from the second pulse combustor.

[0013] In some embodiments, the tube has a first end connected to the first pulse
combustor and a second end connected to the second pulse combustor, wherein the first end
has a first oscillating pressure and the second end has a second oscillating pressure, wherein
the second oscillating pressure is an opposite of the first oscillating pressure. In some
embodiments, the first end and the second end are pressure anti-nodes during operation. In
some embodiments, a center of the connecting tube is a pressure node during operation. In
some embodiments, the first end and the second end are velocity nodes during operation. In
some embodiments, the connecting tube has a tube oscillation mode frequency corresponding

to a frequency of the fundamental oscillation mode during operation.

[0014] In some embodiments, the length of the connecting tube causes the first pulse

combustor and the second pulse combustor to operate in anti-phase.

[0015] In some embodiments, oscillations of the first pulse combustor are countered by
oscillations of the second pulse combustor, wherein the pulse combustor system produces
reduced noise and vibration levels compared to operation of a single pulsejet combustor

engine in isolation.
[0016] In some embodiments, the connecting tube is U-shaped.

[0017] A further aspect discussed herein relates to a method of reducing noise and/or
vibration in a pulse combustor system. The method includes providing a first pulse
combustor and a second pulse combustor. The first pulse combustor includes a first
combustion chamber, a first inlet pipe, a first exhaust pipe, and a first fuel injector for
injecting fuel into the combustion chamber. The second pulse combustor includes a second
combustion chamber, a second inlet pipe, a second exhaust pipe, and a second fuel injector
for injecting fuel into the combustion chamber. The first pulse combustor and the second
pulse combustor have a fundamental oscillation mode and one or more additional oscillation

modes when operated in isolation. The method also includes connecting the first pulse
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combustor to the second pulse combustor by attaching a first end of the connecting tube to
the first combustion chamber and a second end of the connecting tube to the second
combustion chamber. The connecting tube has a length corresponding to 1/2 of the

fundamental oscillation mode wavelength.

[0018] Elements of embodiments described with respect to a given aspect of the
invention may be used in various embodiments of another aspect of the invention. For
example, it 1s contemplated that features of dependent claims depending from one
independent claim can be used in apparatus and/or methods of any of the other independent

claims.
BRIEF DESCRIPTION OF FIGURES

[0019] The foregoing and other objects, aspects, features, and advantages of the present
disclosure will become more apparent and better understood by referring to the following

description taken in conjunction with the accompanying drawings, in which:
[0020] FIG. 1 is a setup of a typical conventional pulse combustor.

[0021] FIG. 2A is a setup of a pulse combustor arrangement with two pulse combustors

200 and 200’ operating in anti-phase, according to some aspects of the present disclosure.

[0022] FIGS. 2B-2C are exemplary setups of two pulse combustors operating in anti-

phase, according to some aspects of the present disclosure.

[0023] FIG. 3A is a plot of normalized pressure versus time from an experimental engine
chamber with two pulsejet engines operating in anti-phase, according to some aspects of the

present disclosure.

[0024] FIG. 3B is a plot of normalized pressure versus time for an exemplary single
engine operating in isolation, the engine having dimensions that are the same as for the

engine shown in FIG. 3A, according to some aspects of the present disclosure.

[0025] FIGS. 4A-4C are plots of waveforms versus time from a microphone signal (left
side) and fast Fourier transform (FFT) of the signal on the left side for various pulsejet engine

configurations, according to some aspects of the present disclosure.
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[0026] FIG. 4D shows dimensions of each of the engines used to obtain the data shown in

FIG. 4A, according to some aspects of the present disclosure.

[0027] FIG. 4E shows two exemplary views of a setup used to make noise measurements

for the data shown in FIGS. 4A-4C, according to some aspects of the present disclosure.

[0028] The features and advantages of the present disclosure will become more apparent
from the detailed description set forth below when taken in conjunction with the drawings, in
which like reference characters identify corresponding elements throughout. In the drawings,
like reference numbers generally indicate identical, functionally similar, and/or structurally

similar elements.

DETAILED DESCRIPTION
[0029] In this document, “pulse combustor”, “pulse jet engine”, “pulse jet”, “pulsejet
engine” or “pulsejet” refer to the same device. It is understood that a pulsejet or pulsejet

engine is a pulse combustor that is used for thrust production.

[0030] In some embodiments, the present disclosure relates to systems and methods using
pulse combustors operating in anti-phase. The anti-phase operation allows for countering the
oscillating nature of the first pulse combustor with the oscillating nature of the second pulse
combustor (and vice versa), thereby reducing noise and vibration levels as compared to a
single pulse combustor operating in isolation or two uncoupled pulse combustors. The pulse
combustors operating in anti-phase may be a part of an arrangement of several pulse
combustors, where at least two of the pulse combustors operate in anti-phase. In some
embodiments, the first pulse combustor is identical to the second pulse combustor. In some
embodiments, each of the first pulse combustor and the second pulse combustor has a
fundamental oscillation mode wavelength and one or more additional oscillation modes when
operated in isolation. In some embodiments, pulse combustors are connected to one another
at their combustion chambers. In some embodiments, the tube connecting the pulse
combustion chambers has a length corresponding to %2 the fundamental oscillation mode

wavelength.

[0031] Some embodiments discussed herein relate to reducing or minimizing interference

on individual operation of the first and second pulse combustors during anti-phase operation.
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Some embodiments discussed herein relate to reducing or minimizing oscillation pressure
amplitude reductions of the first and second pulse combustors during anti-phase operation.
Some embodiments discussed herein relate to reducing or minimizing mechanical power
output losses or thrust losses of the first and second pulse combustors during anti-phase

operation.

[0032] Some embodiments discussed herein relate to determining a location for
connecting the pulse combustors to one another to achieve desired system performance
during anti-phase operation (e.g., reduced noise, reduced vibration, reduced interference on
individual operation of the first and second pulse combustors). Some embodiments discussed
herein relate to determining dimensions of a tube (or any other connector type) connecting
the first pulse combustor to the second pulse combustor to achieve desired system

performance during anti-phase operation.

[0033] FIG. 1 is a setup of a typical conventional pulse combustor 100. In FIG. 1, the
pulse combustor 100 is comprised of the following: an inlet pipe 104 connected to a
combustion chamber 102. The combustion chamber 102 is also connected to an exhaust pipe
106. There is also a fuel injector 108 located in the inlet pipe 104, but other locations and
geometries for the fuel injector 108 are also possible. For example, it is also possible to place
the fuel injector 108 in the combustion chamber 102. A spark plug 110 is located in the
combustion chamber 102 for starting the pulse combustor. The spark plug 110 may be
located anywhere in the combustion chamber 102. Any other ignition means (such as, for

example, a glow plug) can also be used instead of a spark plug 110.

[0034] When fuel and air are introduced into the combustion chamber, a spark produced
by the spark plug or other ignition means ignites the fuel-air mixture. The ensuing
combustion process causes a rise in the temperature and pressure of the gases inside the
combustion chamber. These gases then expand and escape through the inlet and exhaust
pipes. The high velocity of the escaping gases causes an overexpansion and negative
pressure inside the combustion chamber. This negative pressure then reverses the direction
of the flow in the inlet and exhaust pipes. Fresh air drawn in from the atmosphere via the
inlet pipe mixes with the fuel (which is injected either in the inlet pipe or directly into the
combustion chamber) and enters the combustion chamber where it encounters high-
temperature combustion products from the previous combustion event. These combustion

products ignite the fresh fuel-air mixture to produce another combustion event and the
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process repeats indefinitely. It should be noted that there is also flow reversal in the exhaust
pipe due to the negative pressure in the combustion chamber, but due to the longer length of
the exhaust pipe, the fresh air drawn in from the atmosphere via the exhaust pipe does not
reach the combustion chamber before the process restarts. It should also be noted that the
spark plug is generally only needed to start operation of the engine, and not to sustain it.

Therefore, the spark plug can be turned off once the engine has started.

[0035] The net result of the working cycle of a pulse combustor is that the inlet and
exhaust ends produce oscillating flows of gas. These oscillating flows are responsible for
thrust generation. The exhaust pipe usually generates the highest amount of thrust, but the
inlet pipe can also generate a significant amount of thrust. Therefore, in order to make the
thrust from the inlet pipe point in the same direction as the thrust from the exhaust pipe, the
inlet pipe is often turned to point in the same direction as the exhaust pipe (or vice versa), or
is simply attached to the same side of the combustion chamber as the exhaust pipe. Pulsejet
engines can be made in a variety of forms. Some have multiple inlets, while others have
inlets that are perpendicular to the exhaust pipe. Nevertheless, all these embodiments have

the same working principle and are essentially the same device.

[0036] FIG. 2A shows a pulse combustor arrangement with two pulse combustors 200
and 200’ operating in anti-phase, according to some aspects of the present disclosure. In FIG.
2A, pulse combustor 200 includes an inlet pipe 204 connected to a combustion chamber 202.
The combustion chamber 202 is also connected to an exhaust pipe 206. There is also a fuel
injector 208 located in the inlet pipe 204, but other locations and geometries for the fuel
injector 208 are also possible. For example, it is also possible to place the fuel injector 208 in
the combustion chamber 202. A spark plug 210 may be located in the combustion chamber
202 for starting the engine. Any other ignition means (such as a glow plug) can also be used

instead of a spark plug.

[0037] Pulse combustor 200’ may include an inlet pipe 204’ connected to a combustion
chamber 202°. The combustion chamber 202’ is also connected to an exhaust pipe 206°.
There is also a fuel injector 208’ located in the inlet pipe 204’, but other locations and
geometries for the fuel injector 208’ are also possible. For example, it is also possible to
place the fuel injector 208’ in the combustion chamber 202’. A spark plug 210’ is located in
the combustion chamber 202’ for starting the engine. Any other ignition means (such as a

glow plug) can also be used instead of a spark plug. The pulse combustor 200’ has the same

-8 -
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physical dimensions as the pulse combustor 200. A connecting tube 251 connects
combustion chamber 202 with combustion chamber 202’. The connecting tube 251 is in fluid
connection with the combustion chamber 202 and the combustion chamber 202°. Connecting
tube 251 in FIG. 2A is shown as bent (u-shaped), but the exact shape of the connecting tube

251 is not critical to the operation of the pulse combustors as described herein.

[0038] Pulsejet engines have often been analyzed using acoustic theories; it has been
suggested in scientific and engineering literature that the combination of the combustion
chamber and relatively short inlet pipe of a pulse combustor behaves as a Helmholtz
resonator, whereas the relatively long exhaust tube of a pulse combustor qualitatively
behaves as a quarter-wave tube (or a one-sixth-wave tube, according to some researchers). A
pulsejet engine can therefore be modeled as a combination of a Helmholtz resonator and a
quarter-wave or one-sixth-wave tube. The stable frequency of operation of the pulse
combustor is related to the fundamental frequencies of the supposed Helmholtz resonator and

the quarter-wave or one-sixth-wave tube.

[0039] A pulse combustor produces pressure oscillations in the combustion chamber and
flow oscillations in the inlet and exhaust pipes, as discussed above. The frequency of these
oscillations is denoted as ‘f*, which refers to the number of combustion events per second
inside the engine, i.e., the operating frequency of the engine, which is equal to (or close t0)
the frequency of the fundamental (1*) mode as that is the main driving force in the engine. In
most engines, the frequency of the fundamental is between about 50-250 Hz. The average
speed of sound inside the pulse combustor is denoted as ‘c’. The corresponding wavelength,

denoted as ‘A’, can be calculated using the formula, A = ¢/f.

[0040] As discussed above, a pulse combustor can be modeled as a combination of a
Helmbholtz resonator and a quarter-wave or one-sixth-wave tube. An isolated, single pulse
combustor will generally have a stable mode of oscillation. A pulsejet can have many
different modes with their corresponding frequencies and wavelengths, but the main driving
force behind the engine, and the one that carries the most energy, is the fundamental (1%)
mode. The other modes (2", 3™, etc.) that get excited contain less energy than the
fundamental and can be seen as nuisances superimposed on top of the fundamental. In some
embodiments, the mode following the fundamental (e.g., the second oscillation mode) has a
higher frequency than the fundamental, and the mode following that mode (e.g., the third

oscillation mode) has an even higher frequency. Accordingly, for the purposes of discussing

-9-
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the basic operation of the engine and its behaviour relative to other engines (anti-phase), the
most relevant mode is the fundamental, accordingly, the frequency and wavelength of the
stable mode as discussed herein refers to that of the fundamental. Practically, the frequency
(f) for an engine is the number of combustion events per second — this frequency is
approximately the frequency of the fundamental mode, and can be easily measured. The

corresponding wavelength is A = ¢/f (c is the speed of sound).

[0041] This stable mode of oscillation is due to the natural oscillation mode of the
Helmbholtz resonator (combination of combustion chamber and inlet pipe) and the
fundamental mode of the quarter-wave or one-sixth-wave tube (exhaust pipe). As a result,
the stable frequency of operation of the pulse combustor is related to the fundamental
frequencies of the supposed Helmholtz resonator and the quarter-wave or one-sixth-wave
tube. Therefore, the wavelength of operation of a pulse combustor, A, can sometimes be
approximated as the wavelength of operation of a Helmholtz resonator which is comprised of
the combustion chamber and the inlet pipe of the pulse combustor, which is discussed, for
example, in “A new acoustic model for valveless pulsejets and its application for
optimization thrust”, F. Zheng et al., J. Eng. Gas Turbines Power 130(4), 041501 (Apr 28,
2008). One skilled in the art would know how to calculate this wavelength. The frequency

of a Helmholtz resonator is = % fViL , and the corresponding wavelength can be calculated as

A = c/f. This wavelength (of the supposed Helmholtz resonator) can be used to

approximate the maximum allowed length of the connecting tube.

[0042] If two pulse combustors are connected to each other at their combustion chambers
via a connecting tube, there is more than one possible mode of oscillation. If gas is allowed
to move through the connecting tube, it can result in an oscillation mode which has a higher
frequency. This is because the connecting tube can provide an additional avenue for gases to
escape and enter the combustion chambers. This in turn can result in faster emptying and

filling of the combustion chambers, which corresponds to a higher frequency of operation.

[0043] In some embodiments, the length of the connecting tube 251 may be half the
wavelength, A of the stable mode of operation of the pulse combustor (e.g., 200, 200’). In
some embodiments, the first and the second pulse combustor have identical stable modes of

operation (e.g., identical fundamental oscillation modes) when operated in isolation. In some
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embodiments, the first pulse combustor and the second pulse combustor are identical. In

other words, in some embodiments, the length of the connecting tube 251 is nominally A/2.

[0044] In some embodiments, the length of the connecting tube 251 is half a wavelength,
M2, (atube with such a length is often referred to as an acoustic “half-wave tube”). If gas is
allowed to move through the connecting tube 251, it will result in an oscillation mode which
is different from that which the engine prefers to operate at naturally (in isolation). This is
because the connecting tube provides an additional avenue for gases to escape and/or enter
the combustion chamber, which results in faster or slower emptying and filling of the
combustion chamber, which corresponds to modes of oscillation different from the natural,
isolated oscillation mode of a single engine. In some embodiments, the connecting tube 251
will not admit any gas from, or expel any gas into, the combustion chambers if the pulse
combustors operate at their natural, isolated operating modes/frequencies, but in anti-phase
(180° out of phase). This is the stable operating mode of the coupled system, as has been

experimentally verified, for example, as shown in FIG. 3A. The engines were connected by a

36 inch long, 0.25 inch diameter tube.

[0045] In other words, the stable mode is generally the one in which the connecting tube
(e.g., 251 of FIG. 2A) exchanges no gas with the combustion chambers (e.g., 200 and 200’ of
FIG. 2A). In some embodiments, this stable mode corresponds to the scenario where the
connecting tube (e.g., 251 of FIG. 2A) of length /2 accommodates half a periodic wave and
the combustion chambers (e.g., 202, 202’ of FIG. 2A) of the pulse combustors (e.g., 200,
200’ of FIG. 2A) impose anti-phase pressure oscillations on either end of the connecting tube
(e.g., 251 of FIG. 2A). In some embodiments, the ends of the connecting tube (e.g., 251 of
FIG. 2A) constitute pressure antinodes, and the center of the connecting tube (e.g., 251 of
FIG. 2A) constitutes a pressure node. Acoustic principles then imply velocity nodes at the
ends of the connecting tube as shown in FIG. 2C, which means that no gas is exchanged with

the combustion chambers.

[0046] While in the ideal case, no gas would be exchanged between the combustion
chambers (e.g., combustion chambers 202 and 202’ in FIG. 2A) and the connecting tube
(e.g., 251 in FIG. 2A), non-ideal effects, such as viscosity, may cause deviations from ideal
behavior. However, even when there are deviations from the ideal behavior, a tube with
length A/2 connecting the combustion chambers (e.g., combustion chambers 202 and 202’ in

FIG. 2A) of two pulse combustors(e.g., pulse combustors 200 and 200’ in FIG. 2A) will
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cause the pulse combustors to operate in anti-phase, because this mode of operation

minimizes the exchange of gas between the connecting tube and the combustion chambers.

[0047] In some embodiments, if two engines operating in anti-phase is the desired
configuration, the engines need to be connected with a half-wave tube. If the length of the
connecting tube is increased, then eventually the connecting tube itself will become long
enough to be able to absorb some of the gas in itself. For example, when the length of the
connecting tube is short compared to the wavelength (e.g., less than about 1/8), such a tube
could not accommodate any wave behaviour. However, in some embodiments, if the
connecting tube is longer (e.g., longer than about 1/8), its length starts to become significant
as compared to the wavelength, and the tube can therefore start accommodating wave
behaviour, i.e. it can start internalizing the fluctuations it is exposed to at either end. In this
case, a long tube of arbitrary length will not cause the engines to lock in anti-phase. In some
embodiments, a tube having a length that is carefully selected/optimized will cause the

engines to lock in anti-phase.

[0048] In some embodiments, the connecting duct is effectively a closed end for the
engines operating in anti-phase. For example, engine 1 (200) may be at the positive pressure
part of its cycle (e.g., as shown in FIG. 2B). This sends a pulse of positive pressure down the
connecting tube 251. If this positive pressure pulse arrives at the positive pressure part the
cycle of engine 2 (200’), then no gas will be able to travel in/out from the connecting duct
251 and out/in from engine 2 (200), because the pressure at that end 253 of the connecting
duct 251 and in engine 2 (200°) is the same. Basically, a high pressure inside engine 2 (200°)
would like to send air into the connecting duct 251, but the positive pressure pulse from
engine 1 (200) has arrived at just the right time and counters the high pressure from engine 2
(200%) (and vice versa). This makes the connecting duct 251 look like a closed end and
produces anti-phase operation. However, this may only possible if the length of connecting

duct 251 is half a wavelength so that the pulses are timed correctly.

[0049] Some embodiments discussed herein relate to designing pulsejet systems where
two pulsejet engines operate in anti-phase. In some embodiments, there is no leakage of air
from engine 1 to engine 2 because at the positive pressure part of engine 1’s cycle (when the
pulse was sent out by engine 1), a positive pressure arrives from engine 2, at just the right

time to counter any flow into the connecting tube — the connecting tube is allowing pulses to
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travel both ways and constantly uses the pressure from one engine to stop air flow from one
engine to the other.

[0050] In some embodiments, the engines will operate in anti-phase regardless of how the
fuel is injected (e.g., constant or pulsed).

[0051] Long tubes exhibit their own oscillation modes, and a “half-wave tube” has a
mode in which the ends oscillate at opposing pressures (e.g., as shown in FIG. 2C below). At
the correct connecting tube length (e.g., A/2), the frequency of this mode (in the connecting
duct) is the same as the frequencies of the individual engines, and the pressure fluctuations at
the ends of the tube keep any gas from coming into or out of the engines as long as they

operate in anti-phase, which is why the engines prefer to naturally operate in anti-phase.

[0052] In some embodiments, the connecting tube (e.g., connecting tube 251 in FIG. 2A)
may have a diameter of approximately one-half of that of the inlet pipe 204 (or inlet pipe
204’). In some embodiments, the connecting tube (e.g., connecting tube 251) has a diameter
smaller than the diameter of the inlet pipe (e.g., inlet pipe 204 or 204’ in FIG. 2A). In some
embodiments, the diameter of the connecting tube (e.g., connecting tube 251 in FIG. 2A)
should be large enough to have an appreciable effect on the pulse combustors (e.g., pulse
combustor 200 or 200’ in FIG. 2A), but small enough to not affect the fundamental nature of
operation of a pulse combustor. In some embodiments, the diameter of the connecting tube is

determined empirically.

[0053] In some embodiments, arrangements where two pulse combustors (e.g., 200, 200’
in FIG. 2A) are connected via a connecting tube (e.g., connecting tube 251 in FIG. 2A) to
operate in anti-phase provide advantages over a single or conventional pulse combustor. In
some embodiments, single pulse combustors may have an intermittent operation which
causes oscillatory flows and pressure variations. This may result in high noise and vibration
levels. In some embodiments, two pulse combustors operate 180° out of phase, which causes
the oscillation due to one pulse combustor to be countered by the oscillation due to the other.
In some embodiments, the anti-phase oscillations of the two pulse combustors result in
destructive interference, which results in less vibration and lower noise levels, as compared to

a single, conventional pulse combustor or two uncoupled pulse combustors.

[0054] FIG. 3A is a plot of normalized pressure versus time from an experimental engine
chamber with two pulsejet engines operating in anti-phase, according to some aspects of the

present disclosure. In some embodiments, anti-phasing cancels a low frequency fundamental
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component to which the human ear is relatively insensitive. Accordingly, in some
embodiments, anti-phasing results in a sharp drop in signal amplitude, but provides a
perceived noise reduction of an additional 2-3 dBA versus the modified engine noise
measurements shown in FIG. 4B. However, anti-phasing has a significant effect on

decreasing vibration levels, which cannot be quantified with A-weighting.

[0055] FIG. 3B is a plot of normalized pressure versus time from an experimental engine
chamber with a single pulsejet engine having the same dimensions as the pulsejet engines
shown in FIG. 3A. The dimensions of the pulsejet engines used to obtain the data shown in
FIGS. 3A-B are the shown in FIG. 4D. The measurements for the pulsejet engine shown in

FIG. 3B were made using a pressure sensor connected at the combustion chamber.

[0056] FIGS. 4A-C are plots of waveforms versus time from a microphone signal (left
side) and fast Fourier transform (FFT) of the signal on the left side for various pulsejet engine
configurations, according to some aspects of the present disclosure. The left side of FIG. 4A
is a plot of waveform versus time from a microphone signal of a single, unmodified pulsejet
engine, giving noise at a level of 113.5 dBA. The waveform profile in FIG. 4A is rough and
includes multiple sharp peaks over a single firing cycle. As seen in the FFT image on the
right side of FIG. 4A, there is significant harmonic content as there are multiple peaks after
the first large peak, indicating undesired modes of oscillation. The high frequency content
and signal roughness generally arise because the uncontrolled combustion process excites
multiple oscillation modes inside the engine, which is like an acoustic duct. The roughness
of the signal generally produces most of the perceived noise. A typical large valveless
pulsejet fires at approximately 100 Hz, a low frequency that the human ear is quite insensitive
to, but these pulsejets are still considered to be very loud, which is due to the roughness of the
signal, which adds significant high-frequency content to the signal that humans can hear very

well. The dimensions and setup of the engine shown in FIG. 4A are shown in FIG. 4D.

[0057] The FFT (Fast Fourier Transform, or essentially just the Fourier Transform) for
the noise signals is indicative of the distribution of energy across the spectrum of frequencies.
If the waveform were a perfect sinusoid, the FFT would show a single peak at the frequency
of the sinusoid. But instead, the waveform is jagged and displays multiple peaks over the
course of a firing cycle (e.g., as shown in FIG. 4A), which means that the energy is not just in

the fundamental mode (which corresponds approximately with the first FFT peak), but that
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the energy is also spread into the higher frequencies due to the jagged-ness and multiple

peaking, resulting in the peaks at higher frequencies in FIG. 4A.

[0058] FIG. 4B (left) is a plot of waveform versus time from a microphone signal of a
single, modified pulsejet engine, giving noise at a level of 106 dBA. As seen in FIG. 4B, the
amplitude of the signal is significantly lower than in FIG. 4A; moreover, the FFT plot on the
right side shows one large fundamental peak, and significantly smaller additional peaks,
indicating significant reduction in harmonic/high frequency content as compared to FIG. 4A.
The removal of harmonic/ high frequency content results in a noise reduction of about 7.5
dBA as compared to the unmodified engine, which is a significant reduction. A reduction of
10 dBA is generally accepted to be subjectively half as loud. The dimensions of the engine in
FIG. 4B are shown in FIG. 4D, but the engine has been modified to reduce undesirable

modes of oscillation.

[0059] In FIG. 4B, the FFT waveform is much smoother or ‘cleaner’ than that seen in
FIG. 4A, and it can be seen that the high-frequency content has been largely removed. This
can also be seen in the FFT where the peaks at higher frequency have been greatly
diminished, and only a strong fundamental remains — this indicates that the energy is largely

concentrated at a single frequency, resulting in a smooth waveform.

[0060] FIG. 4C (left) is a plot of waveform versus time from a microphone signal of a
dual modified pulsejet engine setup, operating in anti-phase, giving noise at a level of 104.5
dBA. As seen in FIG. 4C, operating the modified engines in anti-phase results in further
reduction in signal amplitude compared to the signal in FIG. 4B. Further, operating the
modified engines in anti-phase as shown in FIG. 4C results in an additional noise reduction of
about 1.5 dBA. Further, operating the modified engines in anti-phase as shown in FIG. 4C
results in significant reduction in vibrations. The arrangement shown in FIG. 4C results in a
noise reduction of 9 dBA as compared with a single, unmodified pulsejet (FIG. 14A), which

is a significant reduction.

[0061] In FIG. 4C, the effect of anti-phasing two engines is to cause destructive
cancellation of the base/fundamental signal, and it can be seen in the FFT plot that the
fundamental component/peak has essentially been eliminated because of this — it essentially
means that there is little to no energy at this base/fundamental frequency anymore because it

has all been cancelled by the anti-phasing effect. A small high-frequency peak can be seen at
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~400 Hz. This peak arises because the signals from FIG. 4B are not perfect sinusoids — they
are close to being perfectly sinusoidal, but are not actually perfect, and the imperfections

keep the signals from cancelling perfectly. The result is that some high-frequency content
survives and can actually add to produce a small peak at some higher frequency, which is
what is seen in FIG. 4C. However, the overall noise levels still decrease, and as the quality of
the modified signal (FIG. 4B) improves, the quality of the cancellation improves and the
possibility of any higher-frequency peaks decreases. In FIG. 4C, two identical engines (e.g.,
each as shown in FIG. 4B) are connected via a 42 inch long, 0.25 inch-diameter tube for anti-

phase operation.

[0062] FIG. 4E includes two views of an experimental setup used for the noise

measurements of two engines operating in anti-phase.

[0063] It is contemplated that systems, devices, methods, and processes of the claimed
disclosure encompass variations and adaptations developed using information from the
embodiments described herein. Adaptation and/or modification of the systems, devices,
methods, and processes described herein may be performed by those of ordinary skill in the

relevant art.

[0064] Throughout the description, where articles, devices, and systems are described as
having, including, or comprising specific components, or where processes and methods are
described as having, including, or comprising specific steps, it is contemplated that,
additionally, there are articles, devices, and systems of the present disclosure that consist
essentially of, or consist of, the recited components, and that there are processes and methods
according to the present disclosure that consist essentially of, or consist of, the recited

processing steps.

[0065] It should be understood that the order of steps or order for performing certain
action is immaterial so long as the disclosure remains operable. Moreover, two or more steps

or actions may be conducted simultaneously.

[0066] The mention herein of any publication, for example, in the Background section, is
not an admission that the publication serves as prior art with respect to any of the claims
presented herein. The Background section is presented for purposes of clarity and is not

meant as a description of prior art with respect to any claim.
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[0067] It is to be understood that the disclosed subject matter is not limited in its
application to the details of construction and to the arrangements of the components set forth
in the following description or illustrated in the drawings. The disclosed subject matter is
capable of other embodiments and of being practiced and carried out in various ways. Also, it
is to be understood that the phraseology and terminology employed herein are for the purpose

of description and should not be regarded as limiting.

[0068] As such, those skilled in the art will appreciate that the conception, upon which
this disclosure is based, may readily be utilized as a basis for the designing of other
structures, methods, and systems for carrying out the several purposes of the disclosed
subject matter. It is important, therefore, that the claims be regarded as including such
equivalent constructions insofar as they do not depart from the spirit and scope of the

disclosed subject matter.

[0069] Although the disclosed subject matter has been described and illustrated in the
foregoing exemplary embodiments, it is understood that the present disclosure has been made
only by way of example, and that numerous changes in the details of implementation of the
disclosed subject matter may be made without departing from the spirit and scope of the

disclosed subject matter, which is limited only by the claims which follow.
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THE EMBODIMENTS OF THE INVENTION FOR WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A deflagration pulse combustor system, comprising:

a first deflagration pulse combustor, comprising a first combustion chamber, a first inlet
pipe, a first exhaust pipe, and a first fuel injector for injecting fuel into the first combustion
chamber;

a second deflagration pulse combustor, comprising a second combustion chamber, a
second inlet pipe, a second exhaust pipe, and a second fuel injector for injecting fuel into the
second combustion chamber, the first deflagration pulse combustor and the second deflagration
pulse combustor having a fundamental oscillation mode and one or more additional oscillation
modes when operated in isolation; and

a tube having a first end connected to the first deflagration pulse combustor combustion
chamber and a second end connected to the second deflagration pulse combustor combustion
chamber, the tube having a length corresponding to substantially 1/2 of the fundamental
oscillation mode wavelength with the tube being configured to substantially prevent a loss of
thrust generation in each of the first and second deflagration pulse combustors in anti-phase
operation of the first and second deflagration pulse combustors, and

wherein the tube is substantially prevented from an ingress or egress of combustion
generated gases from the first combustor chamber or second combustor chamber during anti-
phase operation of the system by a maximum positive pressure pulse timed to arrive at the first
or second end of the tube to prevent such ingress or egress of combustion generated gases,

with the tube having a diameter that is substantially ¥ of a diameter of the first
inlet pipe of the first deflagration pulse combustor or a diameter of the second inlet pipe of the
second deflagration pulse combustor, and

with the tube having a standing wave therein for generating the maximum positive
pressure pulse and causing pressure anti-nodes to be formed at the first and second ends for

providing high impedance at the first and second ends thereof.

18

Date regue/Date received 2023-05-03



2. The deflagration pulse combustor system of claim 1, wherein the first end of the tube has a
first oscillating pressure and the second end has a second oscillating pressure, wherein the
second oscillating pressure is an opposite of the first oscillating pressure.
3. The deflagration pulse combustor system of claim 1, wherein a center of the connecting tube is
a pressure node during operation.
4. The deflagration pulse combustor system of claim 2, wherein the first end and the second end
respectively includes a velocity node during operation.
5. The deflagration pulse combustor system of any one of claims 1 to 4, wherein the tube
includes a tube oscillation mode frequency corresponding at least to a frequency of the
fundamental oscillation mode during operation.
6. The deflagration pulse combustor system of any one of claims 1 to 5, wherein oscillations of
the first deflagration pulse combustor include being countered by oscillations of the second
deflagration pulse combustor, and wherein the deflagration pulse combustor system generates
reduced noise and vibration levels compared to operation of a single pulsejet combustor in
isolation.
7. The deflagration pulse combustor of any one of claims 1 to 6, wherein the tube has a U-shape.
8. The deflagration pulse combustor of any one of claims 1 to 6, wherein dimensions of the first
deflagration pulse combustor are identical to dimensions of the second deflagration pulse
combustor.
9. A method of reducing noise and/or vibration in a deflagration pulse combustor system having
at least a first deflagration pulse combustor, a second deflagration pulse combustor, and a tube
connected between the first and second deflagration pulse combustors, comprising:

providing the first deflagration pulse combustor that further comprises a first combustion
chamber, a first inlet pipe, a first exhaust pipe, and a first fuel injector for injecting fuel into the
first combustion chamber;

providing the second deflagration pulse combustor that further comprises a second
combustion chamber, a second inlet pipe, a second exhaust pipe, and a second fuel injector for
injecting fuel into the second combustion chamber, with the first deflagration pulse combustor
and the second deflagration pulse combustor having a fundamental oscillation mode and one or

more additional oscillation modes when operated in isolation;
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the tube for connecting the first combustion chamber of the first deflagration pulse
combustor to the second combustion chamber of the second deflagration pulse combustor that
includes attaching a first end of the tube to the first combustion chamber and a second end of the
tube to the second combustion chamber with the tube having a length corresponding to 1/2 of the
fundamental oscillation mode wavelength, with the tube being configured to substantially
prevent a loss of thrust generation in each of the first and second deflagration pulse combustors
in anti-phase operation of the first and second deflagration pulse combustors, and

wherein the tube is substantially prevented from an ingress or egress of combustion
generated gases from the first combustor chamber or second combustor chamber during anti-
phase operation of the system by a maximum positive pressure pulse timed to arrive at the first
or second end of the tube to prevent such ingress or egress of combustion generated gases,

with the tube having a diameter that is substantially a predetermined %2 of a

diameter of the first inlet pipe of the first deflagration pulse combustor or a diameter of the
second inlet pipe of the second deflagration pulse combustor, and
with the tube having a standing wave therein for generating the maximum positive pressure pulse
and causing pressure anti-nodes to be formed at the first and second ends for providing high
impedance at the first and second ends thereof.
10. The deflagration pulse combustor system of claim 1, wherein the tube has a tube oscillation
mode frequency corresponding to a frequency of the fundamental oscillation mode during

operation.
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