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(57) Abstract: A muffler-burner has a first and second plate cach having multiple holes; the first plate mounted at a distance across a
muffler area at a mounting distance less than or equal to one and a half millimeters and most holes of the first plate not aligned with the
holes of the second plate. In embodiments, the mounting distance is no more than twice the Stokes boundary layer thickness at a first
predetermined frequency and more than half of the Stokes's boundary layer thickness at a second predetermined frequency from S0Hz
to 8KHz. A method of burning a fuel gas mixture includes mixing the fuel gas mixture with air and passing the fuel-gas-air mixture
through holes of a first plate of a muffler-burner deck into a gap; passing the fuel-gas-air mixmure from the gap through holes of a second

plate into a combustion space; and igniting the fucl-gas-air mixture.
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Burner for Hydrogen-Rich Fuel-Air Premix Having Enhanced Thermo-Acoustic
Stability

Cross Reference To Related Applications
[0001]  This application claims priority to U.S. Provisional Application No.
63/537,331, filed September 8, 2023, which s hereby incorporated by reference in its

entirety.

Background

[0002]  Traditional burners typically use premixed air and fossil-fuel gases such as
propanc or natural gas (largely methane), resulting in environmental drawbacks like
carbon dioxide production and nitrogen oxide emissions. A hydrogen-based energy
economy has been proposed where it can be desirable to burn gas mixtures containing
hydrogen or even replace completely methane or propane in the combustible portion of
premix gas with hydrogen.

[0003] However, using hydrogen in pre-mixing burners presents practical challenges
due to its high flame speed, reactivity, and temperature values, leading to thermo-acoustic
combustion instability issues and the potential for dangerous phenomena like "flashback”
(flame propagation to burner components upstream of combustor) or "flame lift-off"
(flame detachment from the burner), thus requiring new burner designs.

[0004] Thermo-acoustic combustion instability manifests itself as a high level of tonal
noise and vibration and may cause performance deterioration or even damage
components. It is known that thermo-acoustic instabilities may provoke flashback.
[0005]  Nitrogen oxides form more readily at high combustion temperatures. A way to
minimize NOx rcleasc is to keep the flame temperaturc low, which can be accomplished
by Lean PreMixed (LPM) combustion achieved by lowering gas to air ratios. However,
leaner combustion also increases probability of thermo-acoustic instability.

[0006]  As a result, the development of gas turbines, industrial and domestic boilers,
and other appliances capable of operating with hydrogen-enriched natural gas or pure

hydrogen require improved burner designs.
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Brief Description of the Figures
[0007]  Fig. 1 is a schematic cross section of a flat burner suitable for fuel containing
hydrogen (H2) and fossil fuel gas (propane, ethane, butane, or methane) with various
ratios.
[0008]  Fig. 2A is a cross section of a dome-shaped burner suitable for the same fuels
as the burner of Fig. 1.
[0009]  Fig. 2B is a slight perspective view of a flat plate with holes, such as may be
used with a spacer plate having slits to assemble a dual-plate, narrow-gap, offset-hole,
burner-muffler deck.
[0010]  Fig. 2C is a plan view of a flat plate with S-shaped slits, such as may be used
with two flat plates with holes, the holes in one flat plate aligned with a first end of each
slit and the second flat plate with holes aligned with a second end of each slit, to form a
dual-plate, narrow-gap, offset-hole, burner-muffler deck with channel length sufficient to
also serve as a flame arrester.
[0011]  Fig. 3 is a plot of reflection coefficient leading to thermo-acoustic instability
recorded on a particular burner before and after replacement of a single-plate burner deck
with a dual-plate, narrow-gap, offset-hole, burner-muffler (ABC) deck.
[0012]  Fig. 4 is a graph showing reflection coefficient versus frequency for a fixed
hole pattern (Diameter 2 mm with pitch 7 mm) with several plate spacings.
[0013] Fig. 5Sis a graph showing reflection coefficient versus frequency for a fixed
hole pattern (Diameter 2 mm with pitch 7mm) and a fixed 0.25 mm plate spacing with
several dynamic viscosities of fuel gas-air mixture.
[0014] Fig. 6A-6G illustrates several burner designs that can be stabilized with the
prescnt design of dual-platc burners.
[0015]  Fig. 6A illustrates the basic concept of the ABC muffler with two plates each
having holes, the plates separated by a narrow space, with the holes in each plate not
aligned.
[0016]  Fig. 6B illustrates an ABC muffler having tubular shape.
[0017]  Fig. 6C illustrates an interior of an ABC muffler having arced or curved shape,
with an inner plate having holes, the inner plate formed with dimples to serve as spacers
to an outer plate, the dimples spot-welded to the outer plate.
[0018]  Fig. 6D is a perspective view of a tubular muffler resembling that of Fig. 6B

save for having uniform round holes in each of an inner and an outer tubular plate.
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[0019]  Fig. 6E is a perspective view of a portion of the exterior of the tubular muftler
of Fig. 6D, the outer tubular plate formed with dimples to serve as spacers from the inner
tubular plate, the dimples spot-welded to the inner tubular plate to hold the plates
together.

[0020]  Fig. 6F is a schematic cross section view of a burner having an ABC muffler
having two spaced, perforated platcs with holes misaligned, covered by a wirc mesh to
further spread combustion.

[0021]  Fig. 6Gis a top view of a burner having the design of Fig. 6G.

[0022]  Fig. 7 is aline drawing from a photograph of a dual-plate burner of the present
design consuming a methane-air mixture without thermo-acoustic instability.

[0023]  Fig. 8A illustrates a flat muffler-burner deck having round holes in a rectilinear
pattern simulated to determine reflection, absorption and transmission coefficients and
transmission losses.

[0024]  Fig. 8B illustrates performance as simulated of the muffler-burner deck of Fig.
8A with a first diameter and a first hole pitch.

[0025]  Fig. 8C illustrates performance as simulated of the muffler-burner deck of Fig.
8A with a second diameter and a second hole pitch.

[0026]  Fig. 8D illustrates muffler parameters versus frequency of the muffler-burner
deck of Fig. BA.

[0027]  Fig. 9A and 9B illustrate a flat muffler-burner deck having a pattern of slits
simulated to determine reflection, absorption, and transmission coefficients together with
transmission losses.

[0028]  Fig. 10 is a graph of reflection coefficient versus frequency for a variety of

spacings between two plates of a muftler-burner deck.

Detailed Description of the Embodiments
[0029]  We introduce an ultra-thin muffler functioning as the muffler-burner deck in
order to produce a burner which is fully stable at any conditions.
[0030]  Each burner 100, 200, has a fuel inlet 102 that brings combustible fuel gas into
the burner; in various embodiments the fuel gas is a hydrocarbon selected from methane,
ethane, propane, and butane, and mixtures thereof including natural gas. This fuel gas is
introduced through a fuel-air mixer 104 that produces a mixture of the fuel gas and air,
while more complex fuel-air mixers 104 may be used, a simple fuel-air mixer may

introduce fuel gas through an orifice 106 into a venturi 108 that draws combustion air



WO 2025/052247 PCT/IB2024/058561

into the fuel-air mixer 104 and blends it with the fuel gas to form a fuel-air mixture. The
fuel-air mixture is fed into a fuel-air chamber 110. The fuel-air mixture then passes
through a muffler-burner deck 112 into a combustion zone 114 where it may be ignited
by an igniter 116. Muffler-burner deck 112 may be flat as shown in Fig. 1, curved as
shown in Fig. 2A, or may have another shape, such as an arched or dome shape or
cylindrical.

[0031] More complex burners, such as those for industrial boilers or gas turbines, may
have metering rods in orifice 106, multiple orifices, turbulence inducers, combustion air
blowers or compressors, fuel-gas compressors or pumps, and other features that are not
illustrated in Fig. 1. Similarly, igniter 116 may be any ignition system as have been used
with premixed air-fuel gas burners, including a match, electrical spark, cigarette lighter,
or pilot light.

[0032]  Muffler-burner deck 112 has a bottom plate 118 having holes 120 through
which the premixed fuel-air gas mixture passes into a space 122 between bottom plate
118 and top plate 124, The fuel-air gas mixture passes from space 122 through holes 126
in top plate 124 into the combustion zone 114. In an embodiment, the plates are preferably
made of a material(s) capable of withstanding high temperatures, such at least 1000 K.
Suitable materials include metals, ceramic materials, and others. The plates can be rigid
or flexible so long as spacing is maintained. In some embodiments, each plate has a
thickness of from 0.1 mm to 15 mm.

[0033] The holes 120, 126 in the bottom and top plates, respectively, may have a
variety of shapes, including holes, grooves, slits, rounded slits, squares, rounded squares,
triangles, rounded triangles, pentagons, rounded pentagons, hexagons, rounded pentagons
or a combination thercof. The shape and/or size of holes 120 in the bottom plate and of
the holes 126 in the top plate may be the same or different. In some embodiments, size of
the holes ranges from 0.001 mm to 5 mm. In some embodiments, the holes of at least one
or both plates 118, 124 are arranged in a regular pattern. In such embodiments, the
arrangement of holes can be characterized by a pitch of, e.g., 0.002 mm to 15 mm.
[0034]  The top plate 124 and bottom plate 118 are separated by space 122, across the
entire perforated areas of the top and bottom plates. A distance 128 between bottom plate
118 and top plate 124 is small enough that thermo-viscous boundary layer effects have a
significant impact upon the propagation of sound along the narrow, rigid-walled channel
formed between holes of the top plate and bottom plate giving substantial acoustic

attenuation within the audio frequency range. This attenuation is a function of §;/W
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where &, = 2m,/27/w is Stokes's boundary layer thickness, and v is kinematic viscosity
defined as the ratio of the dynamic viscosity (i) over the density (p) of the premixed fuel
gas and air, and W is the channel width distance 128. With rigid-walled channels with

widths on the order of Stokes's boundary layer thickness, the attenuation in air can be

over 6.86 dB/wavelength; for the channel width of half stokes boundary layer, %= 2,1t

would be 16 dB/wavelength and for the channel width of twice of the stokes boundary
layer, % = (.5, it would be 3 dB/wavelength.

[0035] The Stokes's boundary layer thickness for frequency range of 20 Hz to 20kHz
would be between 0.09 mm and 3 mm. Normally, thermo-acoustic instability happens
between 50 Hz to 8000 Hz. For instance, for stabilizing the thermo-acoustic instability at

4000 Hz, (wavelength is 343/4000=0.086 m), by selecting a channel width on the order

. . & - /2*1.516 -5
of Stokes’s boundary layer thickness (8 = 2m/2V/w = 2 x T * W = 0.21 mm),

the muffler can have 6.86 dB/wavelength means 6.86/0.086=80 dB attenuation. This

number for the case of channel width of half stokes boundary layer, %: 2, would be

16/0.086=186 dB and for the channel width of twice of the stokes boundary layer, % =

0.5, would be 3/0.086=34 dB. Therefore, shorter sizes of the gap have higher attenuation
but also has highcr resistance for passing the flow.

[0036] A properly designed muffler-burner deck requires that the distance 128
between top plate 124 and bottom plate 118 should be no more than twice the Stokes
boundary layer thickness of a designed fuel-air gas mixture at a frequency greater than
peak frequencies of thermo-acoustic instabilities observed with similar burners having
conventional single-plate deck which have IRinl>1. This distance 128 should also be
more than half of the Stokes’'s boundary layer thickness at lowest unstable frequency.
[0037]  For example, if a conventional burner deck design produces a peak of reflection
cocfficient as measured from the combustor supplemented with whole downstream
subsystem of the particular appliance (referred to below as Rin) Rin of 240 Hz and lesser
resonances at 500 Hz and 750 Hz (as shown as 302 in Fig. 3), then the appliance can be
fully stabilized by replacing the single-deck burner with a muffler-burner deck according
to the present disclosure, having spacing between top plate and bottom plate between half

to twice (0.24 mm- 0.96 mm) of the Stokes’s boundary layer thickness at 800Hz (&, =
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2 2v/w =2 % T * f% = 0.48 mm) for the fuel gas/air mixture being used. The

Stokes’s boundary layer thicknesses given in this paragraph are for air, the Stokes’s
boundary layer thicknesses of fuel gas-air mixtures will be close to, but different from,
these values and will vary with the hydrocarbon and hydrogen content of the fuel gas.
The burner with muffler-burner deck has reflection coefficient 304 without flame and 306
with flame.

[0038]  Narrowness of the channel between the entire perforated portions of the top
and bottom plates is important in function as this forms a broadband ultra-thin muffler
that dampens thermo-acoustic instabilities at a wide broadband range of frequency. The
muffler can work simultaneously from 2 Hz until 8kHz and in some special designs for
even higher frequencies (up to 20kHz). In general, it can perform at ultra-low frequencies
(2-100 Hz), at low frequencies (100 Hz to 1000 Hz), and mid frequencies (1000 Hz to
2000 Hz), and higher frequencies (above 2000 Hz). The muffler has been designed, built,
and verified by analytic solution and numeric simulation via commercial software and
verificd by laboratory testing.

[0039] The performance of the muffler-burner deck can reach 99% at burner noise
suppression. The measured reflection coefficient of the muffler even at ultra-low
frequencies is less than 0.05 meaning 99.99% of the acoustic energy is either absorbed or
transmitted from the muffler and nearly nothing is reflected back. The muffler-burner
deck, including top and bottom plates with spacer between, can have a thickness of a few
millimeters based on the applications. Because of the ultra-thin size of the muffler, it can
be easily integrated to any kind of burners with any kind of fuel. By applying the muffler,
it can make the burner stable and completely mute. Therefore, the muffler can be used as
a sole device or it can be added (integrated, combined) to any burners. It can be also
integrated to other noise reduction systems.

[0040]  Narrowness of the channel between top and bottom plates also permits the
muffler-burner deck to act as a flame arrestor and help prevent flashback by being
narrower than the “safe gap” of gas-air mixture specified in the following table; for
example, plate spacing of 0.3 mm should prevent flashback when burning hydrogen.
Based on ISO 16852, a flame arrestor is a device fitted to the opening of an enclosure, or
to the connecting pipe work of a system of enclosures, and whose intended function is to

allow flow but prevent the transmission of flame.
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Specification of gas-air mixtures for deflagration and detonation tests

Range of application {marking} Requirements for test mixture
. ; MESG Gas purity a5 in air Safegapof
Explosion - A 5 o e veeda
roug of ruixtnsee Gas type by yoinme by veduas? pag-air mizture
g mm Yo £ mm
f1A1 Methane 248 84202 130240
{IAD Fropana >R 4,2 26,2 094+ 0,02
HBib 52207 0,83 20,82
el Ethylene 258 57 a02 0,73x 002
YA §6£4,3 £§,67 28,02
1Bk Hydroger 296 50805 6,431 0,07
f1C Hydrogen 95 285328 {31002

MOTE  Therankingincolumas and 2 i not comparable with theran

~giv apinture, the wmixture s
rge of gas in ale by vok
re, For iR

Lan

percentage vol

B With small diameters, it may be difficult to penerate stable detonations, Testy may be carvied out wsing @ gas-aiy
mixiure of @ lower safe gap.

Table 1, ISO 16852 safe gap requirements for flame arrestors.

[0041] Depending on gas flow requirements, premix density, hole counts, and hole
diameters, the gap between top plate and bottom plate is chosen to be between 0,001 and
1.5 millimeters, and in some cases 0.3, 0.235,0.22, 0.2 or 0.15 millimeters as given above,
Each layer (surface) has multiple opening areas. The holes of the top plate are shifted
from the holes of the first surface such that flow cannot bypass without passing the narrow
channels such that the majority of the holes of the top plate are not directly aligned with
the holes of the bottom plate. In cmbodiments, nonc of the holes of the top plate align
directly with holes of the bottom plate. In some embodiments the gap between top plate
and bottom plate is between 0.001 and 1.5 mm, inclusive, and is configured to burn a
wide range of methane/natural gas, air, and hydrogen mixtures. In other embodiments,
the gap between top plate and bottom plate is 0.05 and 0.5 mm, inclusive, or between 0.1
and 0.3 mm, inclusive.

[0042] The space 122 may be created using spacers disposed between the plates.
Examples include a mesh, one or more wires, wedges, rings and/or strips.

[0043]  In an embodiment, when plate spacing is at the high end of the range, a mesh
can be installed between the plates to provide small cells to ensure flame quenching. The
quenching distance is a key quantity in order to design the quenching meshes because it
depends on the gas species. The minimum quenching distances measured for hydrogen-
air mixtures with hydrogen concentrations at 300K and atmospheric pressure is 0.6 mm.

By adding a mesh grid inside the gap with wires with a diameter almost similar to the gap



WO 2025/052247 PCT/IB2024/058561

spacer then each cell size of the generated mesh would be less than needed 0.6 mm to
obey ISO 16852 for functioning as a flame arrester. When plate spacing in such exemplary
embodiments is less than 0.31 mm, the closely spaced plates themselves may serve as a
flame arrester.

[0044]  As mentioned in ISO 16852, MESG is maximum gap between the two parts of
the interior chamber which prevents ignition of the external gas mixturc through a 25 mm
long flame path when the internal mixture is ignited, for all concentrations of the tested
gas or vapor in air. Also, MESG, the gap size of the quenching mesh, is approximately a
half of the minimum quenching distance. These numbers for the hydrogen are MESG:
0.31 mm and the quenching distance: 0.58 mm. Therefore, to have a flame arrestor, the
cell size should be less than MESG when the long flame path is more than 25 mm. For
instance, in some embodiments, the gap between two layers is 0.20 mm, therefore, it is
lower than MESG for Hydrogen combustion; also, it is less than a quenching distance.
By adding a mesh grid inside the gap (between plates) with wires of .20 mm and pitch
of 0.31 mm then each cell size would be less than 0.31 mm in the gap. If the flame path,
i.e., thickness of two plates plus gap plus pitch, would be more than 25mm then the
muffler can be considered as a flame arrester based on ISO 16852, Therefore, for instance,
a spacer plate with microchannel slits having an S-shaped pattern as depicted in Fig. 2C
can be created between the two plates, such as two of the plates depicted in Fig. 2B, to
achieve a desired flame path length, allowing the muffler-burner deck to function as a
flame arrester as well. In such an embodiment, a first of the plates with holes has the
holes aligned with a first end of each microchannel slit, and the second of the plates with
holes has the holes aligned with a second end of each microchannel slit, the three plates
forming a sandwich with, in ordcr, the first platc with holes, thc platc with the
microchannel slits, and the second plate with holes, stacked together. A thickness of the
spacer plate is the plate spacing herein described as the spacing to achieve adequate
damping and stability with flame arresting capability. For applications not requiring
flame arresting capability, the spacer plate may have shorter, straighter, and wider
microchannel slits than the S-shaped pattern illustrated in Fig. 2C.

[0045] A burner including an acoustic dampener (muffler) to achieve thermo-acoustic
stability can be utilized for various types of combustions, such as natural gas, methane,
propane, hydrogen, and bio-fuel combustions, whether they are pre-mixed, mixed, or non-
mixed at a different temperature, e.g., -20 to 100C, and gas pressure, e.g., 0.5 to 35 [bar].

Stable burners are notoriously difficult to design for these types of high pressures,
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temperatures and fuels. This muffler can be implemented on burners of different
geometrical models, including laminar and turbulent burners, as well as direct-fired and
indirect-fired burners.

[0046] As a measurable quantity to evaluate the performance of the implementation
of the invented muffler-burner deck the value of Rin can be used, as described in
Kojourimancsh, Ph.D. thesis, 2022. If it is smaller than onc, then it is indicating that the
burner with its downstream subsystem can be considered as a passive acoustic element.
In contrast, the combustor with downstream acoustics with magnitude of Rin larger than
1 (as it is usual with regular burners) act as active elements, which can lead to instability.
For example, the acoustic reflection coefficient of particular burners with flames, known
as Rin, is shown in Fig. 3. It is evident in this figure that the Rin value for a regular burner
with a flame reaches 2.7, exceeding one. Consequently, this burner can become unstable
at vicinity of 240 Hz. However, when the muffler is applied to the aforementioned burner,
the Rin value decreases, falling below one, and even below the reflection coefficient of
the burner without a flame. This burner has been made and successfully tested in the
laboratory for gas combustion, demonstrating complete stability. The dimensions of the
prototype burner were — hole diameter of 2mm, hole pitch of 7 mm, and the space between
the plates of 0.25 mm.

[0047] As mentioned before, for most of the configurations which are under
discussion here, the channel width (spacer gap) is smaller than the doubled Stokes’s
boundary layer. Accordingly, it is very plausible that the acoustic attenuation in the inter-
plates spacer gap is the crucial physical phenomena governing the performance of the
muffler-burner deck. This conclusion is also supported by the observation of the strong
scnsitivity of the reflection coctficient to the inter-plate spacer gap width shown in Fig. 4.
[0048] The dependence of IRl on the viscous boundary layer is also important. To
perform a “pure” test, one can play with the value of the gas/air dynamic viscosity in the
model keeping other parameters intact. The results of such simulations are given in Fig.
5. The variation of the air viscosity around the nominal value of y = 1.82* 107° Ps.s
leads to a non-monotonic dependence of the reflection coefficient. For this particular case
(D2P780.25 - hole diameter of 2mm, the pitch of 7 mm, and the spacer gap 0.25mm), the
combination of parameters is optimal for the lower reflection at the low end of the
frequency. An increase and decrease of the coefficient of dynamic viscosity leads to an

increase and decrease of the reflection coefficient at different frequencies.
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[0049] Traditional burners have one perforated sheet, although some have a
distribution plate before the burner sheet with spacing distance between most of each
plate is more than 3mm. Some photos of such burners with different shapes and hole
patterns are shown in Fig. 6A-6G that can be stabilized with the present design of dual-
plate burners with close plate spacing. Many additional shapes and hole patterns may be
uscd as required for a particular application.

[0050] Fig. 6A illustrates the basic concept of the ABC muffler 600 with two plates,
an inner plate 602 and an outer plate 604, each having holes 606, the plates separated by
a narrow space, with the holes in the plate not aligned to each other. Fastening of the
plates is not shown in this figure.

[0051]  Fig. 6B illustrates an ABC muffler having tubular shape.

[0052]  Fig. 6C illustrates an interior of an ABC muffler 607 having arced or curved
shape, with an inner plate 608 having holes 612, the inner plate formed with dimples 610
to serve as spacers to an outer plate, the dimples spot-welded to the outer plate.

[0053]  Fig. 6D is a perspective view of a tubular muffler resembling that of Fig. 6B
save for having uniform round holes in each of an inner and an outer tubular plate.
[0054]  Fig. 6E is a perspective view of a portion of the exterior of the tubular muffler
of Fig. 6D, the outer tubular plate formed with dimples to serve as spacers from the inner
tubular plate, the dimples spot-welded to the mner tubular plate to hold the plates
together.

[0055] Fig. 6F is a schematic cross section view of a burner having an ABC muffler
620 having two spaced, perforated plates 622, 624, each plate with holes 626, the holes
in the plates misaligned, covered by a wire mesh 628 of wires 630 to further spread
combustion. Gas cnters this embodiment through a tubc 632 into a backchamber or
plenum 634 before diffusing through the perforated plates 622, 624.

[0056]  Fig. 6G is a top view of a burner having the design of Fig. 6G.

[0057]  Fig. 7 is a photograph of a dual-plate burner D2P7S50.25 (hole diameter of
2mm,pitch of 7 mm, and the spacer gap 0.25mm) that can be used instead of the traditional
burner (1 sheet) with the pattern of D2P7 (hole diameter of 2mm and the pitch of 7 mm)
consuming a methane-air mixture, without thermo-acoustic instability. Our test shows

that it also does not have flashback or flame lift-off.
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Simulated Examples
Example 1

[0058] Performance of a muffler-burner deck made from two perforated sheets having
a regular array of circular holes was simulated, see Fig. 8A.
[0059]  As a part of performing the simulation, we modelled the air which passes
through the holes plus the air before entering to the muffler from (bottom side) and after
the outlet (top side).
[0060]  There are four important acoustic parameters to characterize any components
as

» Reflection coefficient
Transmission coefficient
» Absorption coefficient
» Transmission Loss
[0061]  The first two are independent (R and T) and the other two (o and TL) are related
to (R and T). For the burner application, it is important to have very low reflection
cocfficient. Based on our experiment if [RI<0.3 then the burner is stable at that frequency,
but even if |RI<0.6 the burner could be stable based on the kind of fuel or percentage of
the mixture, etc.
It is preferred to have high absorption coefficient, but it is not necessary for the burner
application.
[0062] For the muffler-burner deck with the dimensions of—sheet thicknesses: 1[mm];
D1, D2 (holes diameters): 2[mm]; pitch1, pitch2 (distance between origin of two circles):
7[mm]; spacer: 0.25 [mm], the result of mentioned four acoustic parameters for frequency
range of SHz- 20kHz are shown in Fig. 8B.
[0063] For another muffler-burner deck with the dimensions of-sheet thicknesses:
Ilmm]; DI, D2 (holes diameters): 1[mm)]; pitchl, pitch2 (distance between origin of two
circles): 4[mm]; spacer: 0.25 [mm], the result of the four acoustic parameters here
described for a frequency range of SHz- 20kHz are shown in Fig. 8§C.
[0064] The results of Fig. 8C show that with a two layers’ muffler, we can have
absorption more than 20% below 500 Hz. The value of the reflection coefficient for
frequencics below 100 Hz s less than .15 and for frequencics below 1000 Hz is 1css than

0.55. Moreover, the transmission loss can be more than 6 dB while transmission
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coefticient is 0.7 at 1000 Hz. The transmission loss would be more than 15 dB at 4000
Hz and 20 dB at 10kHz while transmission coefficient is less than 0.13.
[0065] The simulated performance of several exemplary configurations at good

petrformance at 1000Hz and/or 4000Hz is shown below:

a. sheet_thicknesses: 1[mm]; DI, D2 (holes diameters): 2[mm]; pitchl, pitch2
(distance between origin of two circles): 6[mm]; spacer: 0.25 [mm] which has

RI=0.45@ 1000 Hz.

b. sheet_thicknesses: 1[mm]; D1, D2 (holes diameters): 1[mm]; pitchl, pitch?
(distance between origin of two circles): 4[mm]; spacer: 0.25 [mm] which has

RI=0.5@ 1000 Hz.

¢. sheet_thicknesses: 1[mm]; D1, D2 (holes diameters): 1[mm]; pitchl, pitch2
(distance between origin of two circles): 2[mm]; spacer: 0.1 [mm] which has

RI=0.53@ 4000 Hz.

d. sheet_thicknesses: 1[mm]; D1, D2 (holes diameters): 1[mm]; pitchl, pitch2
(distance between origin of two circles): 1.5[mm]; spacer: 0.25 [mm] which has

RI=0.05 @ 1000 Hz.

e. sheet_thicknesses: 1[mm]; D1, D2 (holes diameters): 3[mm]; pitchl, pitch2
(distance between origin of two circles): 4.5[mm]; spacer: 0.2 [mm] which has

RI=0.4, @ 1000 Hz.

f. sheet_thicknesses: 1[mm]; D1, D2 (holes diameters): 3[mm]; pitchl, pitch2
(distance between origin of two circles): 7[mm]; spacer: 0.25 [mm] which has
IRI=0.53 @ 1000 Hz, IRI=0.87 @ 3500 Hz.

sheet_thicknesses: 1fmm]; D1, D2 (holes diameters): 2[mm]; pitchl, pitch2 (distance

between origin of two circles): 3[mm]; spacer: 0.2 [mm] which has [RI=0.09@ 1000 Hz,
IRI=0.35 @ 4000 Hz and [RI=0.65 @ 10000 Hz as shown in Fig. 8D.

Example 2

[0066]  Another simulated example using slit configurations instead of round holes is
shown in Fig. 9A and 9B.
[0067]  Simulation results of some slit configurations with various spacer gap are

shown in Fig. 10.
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[0068] The following configurations were found to have good performance at 1000

Hz and/or 4000Hz:

a. Sheet thickness 0.6 mm; slit_width: 0.5mm; slit_height: 1.5mm; slit_pitch: 1.3mm,
spacer 0.07mm which has IRI= 0.1 @ 1000 Hz, RI= 0.4 @ 4000 Hz.

b. Sheet thickness 1 mm; slit_width; 0.7mm; slit_height: 2mm; slit_pitch: 2mm, spacer
1.5mm which has [RI= 0.3 @ 1000 Hz.

¢. Sheet thickness 1 mm; slit_width: 0.5mm; slit_height: 1.5mm; slit_pitch: 2mm, spacer
0.1mm which has IRI= 0.2 @ 1000 Hz, IRI= 0.6 @ 4000 Hz.

d. Sheet thickness 1 mm; slit_width: 0.5mm; slit_height: 2.5mm; slit_pitch: 1.5mm,
spacer 0.08mm which has IRI=0.15 @ 1000 Hz, IRI= 0.45 @ 4000 Hz.

e. Sheetthickness 1 mm; slit_width: 0.6mm; slit_height: 2mm; slit_pitch: 1.5mm, spacer
0.08mm which has IRI= 0.2 @ 1000 Hz, RI=0.42 @ 4000 Hz.

f. Sheet thickness 1 mm; slit_width: 0.7mm; slit_height: 2.5mm; slit_pitch: 2mm, spacer
0.08mm which has IRI=0.12 @ 1000 Hz, IRI= 0.5 @ 4000 Hz.

Combinations

[0069] The burners herein described have several features, these features can be
combined in several ways. Combinations anticipated by the inventors include the
following.

[0070] A muffler-burner deck designated A including: a first plate having multiple
holes; a second plate having multiple holes; the first plate mounted at a distance across
an entire muffler area having holes of first and second plate that is less than or equal to
one and a half millimeters above the second plate; and where a majority of the holes of
the first plate are not aligned with the holes of the second plate.

[0071] A muffler-burner deck designated AA including the muffler-burner deck
designated A where none of the holes of the first plate are directly aligned with holes of
the second plate.

[0072] A muffler-burner deck designated AB including the mutfler-burncr deck
designated AA or A, where the first plate is mounted at a distance above the second plate
that is no more than twice the Stokes boundary layer thickness at a first predetermined
frequency and more than half of the Stokes’s boundary layer thickness at a second

predetermined frequency.
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[0073] A muffler-burner deck designated AC including the muffler-burner deck
designated AB, where the first predetermined frequency is different from the second
predetermined frequency.

[0074] A muffler-burner deck designated AD including the muffler-burner deck
designated AB or AC where the first and second predetermined frequency are in the range
from 50Hz to §KHz.

[0075] A muffler-burner deck designated AE including the muffler-burner deck
designated AA, AB, AC, AD or A, where the first plate is mounted at a distance from
0.05 and 0.5 millimeters above the second plate, inclusive.

[0076] A muffler-bumer deck designated AF including the muffler-burner deck
designated AA, AB, AC, AD or A where the first plate is mounted at a distance from 0.5
and 1.5 millimeters from the second plate, inclusive.

[0077] A muffler-burner deck designated AG including the muffler-burner deck
designated AA, AB, AC, AD or A wherein the first and second plates each have multiple
holes having a diameter from 1 mm to 3 mm and a pitch of 1.3 mm to & mm; and wherein
the first plate is mounted at a distance less than or equal to 0.05 to 0.25 mm from the
second plate.

[0078] A muffler-burner deck designated AH including the muffler-burner deck
designated AA, AB, AC, AD or A wherein the multiple holes in the first and second plates
each include multiple slits having a slit width of 0.05 mm to 3 mm, a slit height of 0.05
to 10 mm and a pitch of 0.11 mm to 5 mm; and wherein the first plate is mounted at a
distance less than or equal to 0.05 to 0.5 mm above the second plate.

[0079] A muffler-burner deck designated AJ including the muffler-burner deck
designatcd AA, AB, AC, AD, AE, AF, AG, AH or A where at lcast a portion of thc arca
having holes of the first plate is flat.

[0080] A muffler-burner deck designated AK including the muffler-burner deck
designated AA, AB, AC, AD, AE, AF. AG, AH or A where at least a portion of the area
having holes of the first plate is arched.

[0081] A muffler-burner deck designated AL including the muffler-burner deck
designated AA, AB, AC, AD, AE, AF, AG, AH or A where at least a portion of the area
having holes of the first plate is dome shaped.

[0082] A burner designated B adapted to burn a fuel-gas mixture, the burner including
a muffler-burner deck of the type designated A, AA, AB, AC, AD, AE, AF, AG, AH, AJ,

AK, or AL; a fuel-air mixer configured to mix a designed fuel-gas mixture with air and
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produce a fuel-air mixture; and a fuel-air chamber configured to receive the fuel-air
mixture from the fuel-air mixer and provide the fuel-air mixture to the muffler-burner
deck.

[0083] A burner designated BA including the burner designated B, wherein the
designed fuel gas mixture comprises hydrogen and a hydrocarbon fuel in a ratio between
0% and 100% of hydrogen.

[0084] A burner designated BB including the burner designated B or BA where the
muffler-burner deck is configured to pass fuel-air mixture from the fuel-air chamber to a
combustion space, and further comprising an igniter configured to ignite the fuel-air
mixture in the combustion space.

[0085] A burner designated BC including the burner designated BA, BB, or B where
the muffler-burner deck is configured to act as a flame arrester and prevent flash back
and flame lift-off.

[0086] A burner designated BD including the burner designated BA, BB, or BC where
the hydrocarbon fuel is selected from methane, natural gas, ethane, butane, and propane.
[0087] A method designated C of burning a fuel gas mixture including mixing the fuel
gas mixture with air to form a fuel-gas-air mixture; and passing the fuel-gas-air mixture
through holes of a first plate of a muffler-burner deck into a gap; passing the fuel-gas-
air mixture from the gap through holes of a second plate into a combustion space; and
igniting the fuel-gas-air mixture in the combustion space; where a majority of the holes
of the first plate are not aligned with holes of the second plate; and a distance between
the first plate and the second plate forming the gap is less than or equal to one and a half
millimeters.

[0088] A mcthod designated CA including the mcthod designated C where none of the
holes of the first plate are directly aligned with holes of the second plate.

[0089] A method designated CB including the method designated C or CA, wherein
the fuel gas mixture comprises hydrogen and a hydrocarbon fuel in a ratio between 0%
and 100% hydrogen.

[0090] A method designated CC including the method designated C, CA, or CB where
the distance between the first plate and the second plate is between 0.05 and
0.5millimeters, inclusive.

[0091] A method designated CD including the method designated C, CA, or CB 8
where the distance between the first plate and the second plate is between 0.5 and 1.5

millimeters, inclusive.



WO 2025/052247 PCT/IB2024/058561
16

[0092] A method designated D of using a burner-muffler deck designated A, AA, AB,
AC, AD, AE, AF, AG, AH, AJ, AK, or AL for at least one of: reducing an acoustic
instability, arresting flame, preventing flashback, and flame lift-off, in a fuel-air
combustor, the method including; providing the burner-muffler deck as designated A,
AA, AB, AC, AD, AE, AF, AG, AH, AJ, AK, or AL; mixing the fuel gas mixture with
air to form a fucl-gas-air mixturc; passing the fucl-gas-air mixturc through holes of the
first plate of the muffler-burner deck into the gap; passing the fuel-gas-air mixture from
the gap through holes of the second plate into a combustion space; and igniting the fuel-
gas-air mixture in the combustion space.

[0093] A method designated DA including the method designated D, wherein at least
two of reducing an acoustic instability, arresting flame, preventing flashback, and flame
lift-off, in a fuel-air combustor, are performed concurrently.

[0094] Changes may be made in the above methods and systems without departing
from the scope hereof. It should thus be noted that the matter contained in the above
description or shown in the accompanying drawings should be interpreted as illustrative
and not in a limiting sense. The following claims are intended to cover all generic and
specific features described herein, as well as all statements of the scope of the present

method and system, which, as a matter of language, might be said to fall there between.
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Claims
What is claimed is:
1. A muffler-burner deck comprising:

a first plate having a plurality of holes;

a second plate having a plurality of holes;

the first platc mounted at a distance across an cntire arca having holes of first and
second plate that is less than or equal to one and a half millimeter above the second plate; and

where a majority of the holes of the first plate are not aligned with the holes of the
second plate.

2. The muffler-burner deck of Claim 1 where none of the holes of the first plate
are directly aligned with holes of the second plate.

3. The muffler-burner deck of Claim 2, where the first plate is mounted at a
distance above the second plate that is no more than twice a Stokes boundary layer thickness
of a designed fuel-air gas mixture at a first predetermined frequency and more than half of the
Stokes’s boundary layer thickness at a second predetermined frequency.

4. The muffler-burner deck of Claim 3, where the first predetermined frequency
is different from the second predetermined frequency.

5. The muffler-burner deck of Claim 4, where the first and second predetermined
frequency are in a range from 50Hz to 8KHz.

6. The muffler-burner deck of Claim 1 where the first plate is mounted at a
distance from 0.05 and 0.5 millimeters above the second plate, inclusive.

1. The muffler-burner deck of claim 1 where the first plate is mounted at a
distance from 0.5 and 1.5 millimeters from the second plate, inclusive.

8. The muffler-burner deck of Claim 1 wherein the first and sccond plates cach
have a plurality of holes having a diameter from | mm to 3 mm and a pitch of 1.3 mm to 8
mm; and wherein the first plate is mounted at a distance less than or equal to 0.05 to 0.25 mm
from the second plate.

9. The muffler-burner deck of Claim 1 wherein the pluralities of holes in the first
and second plates each comprise a plurality of slits having a slit width of 0.05 mm to 3 mm, a
slit height of 0.05 to 10 mm and a pitch of 0.11 mm to 5 mm; and wherein the first plate is
mounted at a distance less than or equal to 0.05 to 0.5 mm above the second plate.

10. The muffler-burner deck of any of claims 1,2, 3,4, 5,6,7, 8, or 9 where at

least a portion of an area having holes of the first plate is flat.
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11, The muffler-burner deck of any of claims 1,2, 3,4, 35,6,7, 8, or 9 where at
least a portion of an area having holes of the first plate i arched.

12. The muffler-burner deck of any of claims 1,2, 3,4,5,6,7, 8, or 9 where at
least a portion of an area having holes of the first plate is dome shaped.

13, A burner adapted to burn a fuel-gas mixture, the burner comprising:

a muftler-burncer deck of any of claims 1,2,3,4,5,6,7,8, or 9;

a fuel-air mixer configured to mix a designed fuel-gas mixture with air and produce a
fuel-air mixture; and

a fuel-air chamber configured to receive the fuel-air mixture from the fuel-air mixer
and provide the fuel-air mixture to the muffler-burner deck.

14, The burner of Claim 13, wherein the designed fuel-gas mixture comprises
hydrogen and a hydrocarbon fuel in a ratio between 0% and 100% of hydrogen.

15. The burner of claim 13 where the muffler-burner deck is configured to pass
fuel-air mixture from the fuel-air chamber to a combustion space, and further comprising an
igniter configured to ignite the fuel-air mixture in the combustion space.

16.  The burner of Claim 13 where the muffler-burner deck is configured to act as
a flame arrester and prevent flash back and flame lift-off.

17.  The burner of claim 14 where the hydrocarbon fuel is selected from methane,
natural gas, ethane, butane, and propane.

18. A method of burning a fuel gas mixture comprising:

mixing the fuel gas mixture with air to form a fuel-gas-air mixture; and

passing the fuel-gas-air mixture through holes of a first plate of a muffler-burner deck
into a gap;

passing the fucl-gas-air mixturc from the gap through holes of a sccond plate into a
combustion space; and

igniting the fuel-gas-air mixture in the combustion space;

where a majority of the holes of the first plate are not aligned with holes of the second
plate; and

a distance between the first plate and the second plate forming the gap is less than or
equal to one and a half millimeters.

19.  The method of Claim 18 where none of the holes of the first plate are directly
aligned with holes of the second plate.

20.  The method of Claim 18, wherein the fuel gas mixture comprises hydrogen

and a hydrocarbon fuel in a ratio between 0% and 100% hydrogen.
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21. The method of Claim 18 where the distance between the first plate and the
second plate is between 0.05 and (.5millimeters, inclusive.

22, The method of claim 18 where the distance between the first plate and the
second plate is between 0.5 and 1.5 millimeters, inclusive.

23. A mcthod of using a burncr-muffler deck of any of claims 1 to 9 for at Icast onc
of: reducing an acoustic instability, arresting flame, preventing flashback, and flame lift-off,
in a fuel-air combustor, the method comprising:

providing the burner-muffler deck according to any of claims 1 to 9;

mixing a fuel-gas mixture with air to form a fuel-gas-air mixture;

passing the fuel-gas-air mixture through holes of the first plate of the muffler-burner
deck into the gap;

passing the fuel-gas-air mixture from the gap through holes of the second plate of the
muffler-burner deck into a combustion space; and

igniting the fuel-gas-air mixture in the combustion space.

24, The method of claim 23, wherein at least two of reducing an acoustic instability,
arresting flame, preventing flashback, and flame lift-off, in a fuel-air combustor, are

performed concurrently.
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