I*I Innovation, Sciences et Innovation, Science and CA 2994119 A1 201/7/02/09
Développement economique Canada Economic Development Canada
(21) 2 994 1 1 9

Office de la Propriéte Intellectuelle du Canada Canadian Intellectual Property Office

12 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
13) A1

(86) Date de depot PCT/PCT Filing Date: 2016/07/19 (51) CLInt./Int.Cl. F23M 5/00 (2006.01),
(87) Date publication PCT/PCT Publication Date: 2017/02/09 B01J 8/04(2000.01), £23M 20/00(2014.01)
: : - _ (71) Demandeur/Applicant:
(85) Entree phase nationale/National Entry: 2018/01/29 NUVERA FUEL CELLS. LLC. US
(86) N° demande PCT/PCT Application No.: US 2016/042895
(72) Inventeurs/Inventors:
(87) N publication PCT/PCT Publication No.: 2017/023530 LI, ZHIJIANG. US:

(30) Priorité/Priority: 2015/07/31 (US62/199,546) BEHNAM, MOHSEN, US;
GAFFURI, PAUL, US;

MCGINTY, JORDAN, US...
(74) Agent: MACRAE & CO.

(54) Titre : ENSEMBLE BRULEUR A FAIBLE EMISSION DE NOX
(54) Title: BURNER ASSEMBLY WITH LOW NOX EMISSIONS

(57) Abrégée/Abstract:
The present disclosure Is directed to a burner assembly for generating a heat source. The burner assembly may include a
combustion plate having a first surface and a second surface. The combustion plate may Iinclude a first plurality of holes extending
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(57) Abrege(suite)/Abstract(continued):

from the first surface to the second surface arranged in a first circle and a second plurality of holes extending from the first surface
to the second surface arranged In a second circle, The first circle and second circle may be arranged In concentric circles. The
burner assembly may further be configured to have at least one of the holes having a longitudinal axis extending at a first acute
angle from a plane of the combustion plate. The burner assembly may further be configured to have at least one of the holes
having the longitudinal axis extending at a second acute angle from a tangent line of one of the concentric circles on the plane of
the combustion plate.
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(87) Abstract: The present disclosure 1s directed to a burner assembly for generating a heat source. The burner assembly may in -
clude a combustion plate having a first surface and a second surface. The combustion plate may include a first plurality of holes ex -
tending from the first surface to the second surface arranged in a first circle and a second plurality of holes extending from the first
surface to the second surface arranged 1n a second circle, The first circle and second circle may be arranged in concentric circles. The
burner assembly may further be configured to have at least one of the holes having a longitudinal axis extending at a first acute angle
from a plane of the combustion plate. The burner assembly may further be configured to have at least one of the holes having the
longitudinal axis extending at a second acute angle from a tangent line of one of the concentric circles on the plane of the combus -
tion plate.
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SURNER ASSEMBLY WiTH LOW NO, EMISSIONS

U011 This application claims the benefit of U5, Provisional Application No.
52/199,546, filed July 31, 2015, which is incorporaied by reference in its entirely.

002 The present disclosure 18 directed toward a burnsr assembly having
low NO, formation and/or emission and methods of using the burner assembily.

0031 Steam reforming is 2 method widsly used for producing hydrogen from
hydrocarbons, such as methane. The basic chemistry of sieam reforming is the
temperature-driven reaction of a hydrocarbon feedstock with waler steam to produce
a mixture of primarily hydrogen, water, carbon monoxide, and carbon dioxide
{"synthesis gas’), sometimes referred to as a “reformate.” A “steam reformer’ mainly
comprises two modules: a burner assembly and a reformer assembly. The burner
assembly provides the source of thermal energy {0 the reformer assembly, where the
steam reforming reaction between the hydrocarbon feedstock and steam takes
slace. The burner assembly generally generates heat by the combustion of a fusl
gas and produces a combustion exhaust gas interacting with the reformer assembily
through radiation and convection heat transfer.

(0047 The combustion of the fuel gas of the burner assembly is a high-
temperature exothermic reaction and requires an oxidani, typically atmospheric air.
The combustion of the fuel gas can produce thermal oxide of nitrogen (NOy} through
high-temperature oxidation of the diatomic nitrogen found in the air, Known as he
extended Zeldovich mechanism. NO may inciude both nitrogen oxide (NO) ana
nitrogen dioxide (NQO:), which can convert {0 each other.  NOy is toxic and classiiied
as a greenhouse gas that has a longer life than carbon dioxide and methane. Ny
can react to form photochemical smog and acid rain and can aiso form tropospheric
ozone, toxic o humans in ambient air. NO,, also reacts with organic chemicals or
ozone o form a variety of toxic products and airbome carcinogens. Ditferent
oounties and states have set stringent standards of acceptable levels of NO for
combustion burners, furnaces, or engines. For exampie, the California’s Soutlh
Coast Air Quality Management District (SCAQMD) has set a limit of 14
nanograms/Jouie for the NQO, emissions of nalural gas-fired furnaces according 1o
Rude 1140.4.
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005] Thermal NQO, generation during combustion is highly temperaiure-
dependent. The flame temperalure i3 @ primary varnable that influences the
generation of thermal NOy during combustion. The higher the flame femperature,
the higher the concentration of NOy can be in the combustion exhaust gas. Thus,
reducing the temperature of the combustion flame may result in reduced NQ,
formation and/or emission. Methods to reduce NOy formation and/or emission
include recirculating combustion exhaust gas into the flame and optimizing mixing of
the fuel gas with air to reduce flame temperature by implementing, for example,
paffle designs in the burmner assembly. However, such burner assembly (s either 100
complex in design or operation, or (o0 expeansive or unsuitable for either large scale
industrial or small scale steam reformers.

0061 Therefore, there is a need for an improved burner assembly and
method for providing a source of thermal energy with ow NQOy formation and/or
SMission.

(G071 In consideration of the aforementioned circumstances, the presemnt
disclosure is directed toward a bumer assembly having low NQOy formation and/or
amission and methods of using the burner assembiy.

[008] In one aspect, the present disclosure is directed to a burner assembiy.
The burner assembly may include a combustion plate having a first surface and a
second surface. The combustion plate may comprise a first plurality of holes
extending from the first surface {0 the second surface arranged in a first circle. The
combustion plate may further include a second plurality of holes extending from the
first surface to the second surface arranged in a second circle. The first circle and
the second circle may be concentric circles and al igast one of the holes may have a
longitudinal axis exiending at an acute angle from a plane of the combustion plate.

0087 In another aspect, the present disclosure is directed tc a method for
oroviding a heat source from a burner assembly. The method may include directing
a fuel gas flow through a first plurality of holes extending from a first surface to a
second surface of a combustion plate. The method may also include directing an air
flow through a second pluraiity of holes extending from the first surface 1o the second
surface of the combustion piate. The method may further include combpusting the
fuel gas flow and the air flow directed through the holes. The first plurality of holes
may be arranged in a first circle. The second piurality of holes may also be arranged
in a second circle. The first and second circies may bDe concentric circiaes and at

-9 .
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ieast one of the holes may have g iongitudinal axis extending at an acute angle from
a ptane of the combustion plate.

0101 in another aspect, the present disclosure is directed to a hydrogen
generator system for generating hydrogen. The sysiem may include a reformer
assembly and a bumer assembly. The burner assembly may include g combustion
siate having a first surface and a second surface. The combustion plate may include
a first pluraiity of holes extending from the first surface to the second surface
arranged in a first circle. The combustion plate may further include a seconag
olurality of holes exiending from the first surface o the second surface arranged in a
second circle. The first circle and second circie may be concentric circies and at
least one of the holes may have a longitudinal axis extending at an acute angle from
a plane of the combustion plate. The burner assembly may be configured {o
combust a fus! gas flow directed through the first plurality of holes and an air flow
directed through the second plurality of holes {0 generate a combustion exhaust gas
flow supplied as a heal source {o the reformer assembly,

(011] His to be understood that both the foregoing general descriplion and
the following detailed description are exemplary and explanatory only and are not
restrictive of the present disclosure as claimed.

1012] The accompanying drawings, which are incorporated in and constitute
a part of this specification, illustrate several embodiments of the present disclosure
and together with the description, serve {0 explain the principles of the present
disciosure.

(0131 FIG. 1 a partial cross-sectional view of a burner assembly, according
to an exemplary embodiment.

(0141 FIG. 2 is a schematic lliustration of a burner assembly, according o
an exemplary embpodiment.

(0151 FIG. 3 is an eniarged partial cross-sectional view of a burner
assembly, according (o an exemplary embodiment.

0181 FlIG. 4 is a geometric illustralion of an exemplary hole of a bumer
assembly, accordging 1o an exempiary embodiment.

(0171 Fl1G. §is a schematic illusiration of exemplary holes of a burner
assembly, according 1o an exemplary embodiment.

0181 FlG. 6 is a schematic illustration of exemplary velocities of the fuel
gas flow and air flow of a burner assembly according 1o an exempiary embodiment.

-3
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019] FIG. 718 a schematic dlustration comparing a normal burmer assembly
and a burner assembly according to an exemplary embodiment.

{0201  FIG. 8 is a schematic Hlustralion of a hydrogen generalor, according
{0 an exempiary embodiment.

0211 Vhile the present disclosure is described herein with reference o
Hiustrative embodiments of a burner assembly with iow NO, formation and/or
amission, itis undersiood that the systems and methods of (he present disciosure
may be employed with various types of burner assembly applications. Those having
ordinary skill in the art and access {0 the teachings provided herein will recognize
additional modifications, applications, embodiments, and substitution of eguivaients
that ali fall within the scope of the disclosure. Accordingly, the disclosure is not to be
considered as limited by the foregoing or rolowing descrplions.

10227 Other features and advantages and potential uses of the present
disclosure will become apparent to someone skilled in the art from the foliowing
description of the disclosure, which refers to the accompanying drawings.

(0231 FIG. 1 depicts a partial cross-sectional view of a burner assembly 10,
according to an exemplary embodiment. Burner assembly 10 may include, among
other things, a combustion plate 100, an air gas chamber 200, and a fuel gas
chamber 250, Combustion plate 100 may have a {op surface 102, a botiom surfaces
104, and a predetermined thickness between {op surface 102 and botiom surface
104. Combustion plate 100 may further have a plurality of holes 110, 120, and/or
130 extending from top surface 102 to botlom surface 104, In some empodiments,
combustion plate 100 may be circular, elliptical, rectangular, or other geometric
shapse.

(024]  Alr gas chamber 200 may be a hollow cylinder, having one end
removably or permanently attached to bottom surface 104 of compustion piate 100
and the other end removably or permanently attached o a boltom plate 210, An air
inlet 220 may be attached {o air gas chamber 200 and may be configured {0 supply
an air flow, providing oxidant for the combustion reaction. Fuel gas chamber 250
may be an annular hellow tube, having one end removably or permanently atfached
to bottom surface 104 of combustion piate 100 and the olher end removably or
permanently attached to a botlom plate 260, A fuel gas inlet 270 may be atlached (©
fuel gas chamber 250 and may be configured to supply a fuel gas flow, providing fuel

for the combustion reaction. In some embodiments, fuel gas chamber 250 may be

-4 -
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enciosed in air chamber 200 and fusi gas inlet 270 may penetrale though air gas
chamber 200, for example, through botiom plate 210 to reach and attach to fuel gas
chamber 250, In other embodiments, air chamber 200 may be an annular holiow
tube enclosed in fuel gas chamber 250 of a hollow cylinder shape, and air inlet 220
may penetrate though fuel gas chamber 250, Tor example, through boftom plate 260
10 reach and attach to air echamber 200,

10251 As shown in FiG. 1, the plurality of holes 110, 120, and 130 of
combustion plate 100 may be arranged in concentric circles with ditferent radil. For
example, a first plurality of holes 110 may be arranged in a first circle having a first
radius, a second plurality of holes 120 may be arranged in a second circle having a
second radius, and a third plurality of holes 130 may be arranged in a third circie
having a third radius. In some embodiments, the radius of the second circle may be
smaller than that of the first circle and larger than that of the {hird circie so thal the
second circle may be sandwiched between the first circie and the third circle. in
some embodiments, the first plurality of holes 110 may be tluicly connected {0 air
chamber 200, the second plurality of holes 120 may be fluidiy connected to tfuel gas
chamber 250, and the third plurality of holes 130 may be fiuidly connected {0 air
chamber 200 or tuel gas chamber 250,

1026] In some embodiments, additional holes arranged in adaitional circles
having different radii may be formed in combustion plate 100, For example,
additional holes of combustion plate 100 arranged in circles having radi larger than
that of the first circle or smaller than the third circle may fluidly connect to air
chamber 200, For another example, additional holes of combustion plate 100
arranged in circles having radii smaller than that of the first circle or larger than that
of the third circle may fiuidly connect to fuel gas chamber 250, In the following
description, holes 110, 120, and 130 are used for the purpose of ilusirating
exemplary embodiments of the present disciosure.

0271 In some embodiments, the combustion of the fuel gas and air may
accur adiacent o top surface 102 of combustion plate 100, For example, a fuel gas
flow may be supplied via fuel gas inlet 270 1o fuel gas chamber 250 and an air fiow
may be supplied via air inlet 220 o air chamber 200, The air flow may be
discharged through first and/or third plurality of holes 110 and 130 and the fuel gas
flow may be discharged through second plurality of holes 120 at predetermingd
velocities, The fuel gas flow and air flow may be mixed afler being discharged

Z 5
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through the holes and may be configured (o combust, for example, by ignition. In
sgme embodiments, burner assembly 10 may further inciude a compustion chamber
280, As shiown in FiG, £, combustion chamber 280 may be a cyilindncal tube and
may have one end removably or permanently altached {o top surface 102 of
combustion piate 100, in some embodiments, the combustion of the fuel gas and air
may create a combustion flame in combustion chamber 280 and generaie a
combustion exhaust gas 280 discharged from the other end of combustion chamber
280, In some embodiments, combustion chamber 280 may connedt 1o another

combustion chamber 285 configured {0 provide a passage for compustion exnaust
gas 290,

10281  The temperature of the combustion tlame can affect andg/or delerming
the formation and/or emission of thermal NOy in combustion exnaust gas 280, As
discussed herein, the higher the temperature of the combustion Hame, the more
thermal NO, can be formed during combustion and the higher the concentration of
NO, can be in combustion exhaust gas 280. Reducing the temperature of the
combustion flame may limit, suppress, and/or minimize NQy formation. One method
for reducing the temperature of the combustion flame is increasing the mixing of the
fuel gas flow and the air flow during combustion, and thus reduce NOy formation. in
addition, causing adeqguate and/or complete mixing of the fuel gas flow and the air
flow during combustion may minimize the temperature of the combustion flame, and
thus suppress and/or minimize NOy formation. According {o an exsmpiary
ambodiment, one method for increasing the mixing of the {fusl gas flow and the air
flow may include using combustion plate 100 having a selection of holes 110, 120,
and 130 tited. The tilted holes may generale tangential velocilies of the fuel gas
flow and air flow, increasing or allowing adequate and/or complete mixing of the fuel
gas flow and air flow during combustion.

(0281 In some embodiments, for exampie, at least one of holes 110, 120,
and 130 of combustion plate 100 may be configured to be tilted from a plane of
combustion plate 100. For exampie, as shown in . 3, combpustion piate 100 may
have a predetermined thickness exiending from top surface 102 {0 botlom surface
104. Atleast one of the holes 110, 120, and 130 may extend through the thickness
of combustion plate 100 from top surface 102 {0 botlom surface 104 and may be
filted from the plane of combustion plate 100, As disclosed herein, any numbper of a
selection of holes 110, 120, and 130 may have the till from the plane of combustion

-8 -
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piate 100, For example, a irst number of holes 110 may be tilted, a second number
of holes 120 may be tilted, and/or a third number of holes 130 may be tilted. For the
purpose of liustrating the present disclosure, a selection of a pluraiily of holes
aglected from holes 110, 120, and/or 130 are tilted from the plane of combustion
plate 100, In some embodiments, the tilted holes may be in the form of an oblique
cviinder, For exampie, FiG. 4 15 a geometric fllustration of the {ilt of an exemplary
nole among the plurality of tilled holes.

(030] As shown in FIG. 4, an exemplary hole 300 may have a longitudinal
axis 330 exiending from a first center 302 of a top end 301 of exemplary hole 300 on
top surface 102 of combustion plate 100 10 3 second center 304 of a boltom end 303
Of exempiary nole 300 on botlom surtace 104 of combustion piate 100, in exemplary
embodiments, longitudinal axis 330 may be tilted at a first angle g from the plane of
compbustion piate 100 or any plane parailel to the piane of combustion plate 100 in
the three-dimensional space. For example, a concentric circle 310, by which 3
piurality of exemplary holes 300 are arranged and which passes through first center
302 of top end 301 of exemplary hole 300, and a radius 350 of concentric circle 310
may define a first plane of combustion plate 100 on {op surface 102, A second plane
of combustion plate 100 may be defined as the plane paraliel 10 the first plane
passing through second center 304 of bottom end 303 of exempiary hole 300 on
potiom surface 104, Longitudinal axis 330 may be tilted from either the first plane or
second plane of combustion plate 100 or a plane paraliel {0 the plane of combustion
piate 100, In some embodiments, exempiary hole 300 or longitudinal axis 330 may
he described as being tilled inward to the plane of combustion plate 100 when first
angle a is an acute angle, .., is smalier than about 80°, and/or as being tilted
outward from the plane of combusiion plate 100 when ihe supplementary angle of
first angle g is an acute angle. In some embodiments, a segment along longituding
axis 300 of exemplary hole 300 may be tilted at first angle o and the rest of
exempiary noie 300 may be straight.

10311 In some embodiments, iongitudingl axis 330 may be tilted at a secong
angie from a tangent line of one of the concentric circies. For exampile, as shown in
Fi(s. 4, a tangent line 320 of concentric circle 310 on the firsi plane of combustion
plate 100 may have a projection 340 on the second piane paraliel 1o the first planse
passing through second center 304 of botltom end 303 of exemplary hole 300.

Longitudinal axis 330 may aiso nave a projection 335 on the second piane forming at
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a second angie B trom projection 340 of tangent line 320 on the second plane. In
some embodiments, second angie § may be used {0 describe the second angle of
longitudingl axis 330 tilted from tangent line 320 of concentric circle 310 on the first
plane. in some embodiments, since tangent lines of other concentric circles paraiiel
to tangent line 320 may be aligned in the same direction, second angle B may be
used (o describe the it of longiludinal axis 330 {o any of the tangent lines paraliel to
tangent iine 340, FiG. & illustrates the it of longitudinal axis 330 according to an
exemplary embodimenti. The schematic illustration of FIG. & depicts an exemplary
arrangement of holes 110, 120, and 130 as being seen from botiom surface 104 on

a piane of combustion plate 100, Exemplary hole 300 is shown as one of holes 110,
Gircles drawn with solid iines iHustrate bottom ends 303 of the holes on bottom
surface 104 of combustion piate 100 and circles draw with dashed lines iliustrate fop
ends 301 of the holes on top surface 102 of combustion plate 100. As shown in FIG.
b, exempilary hole 300 or longitudinal axis 330 of exemplary hole 300 may be tilted
from tangent line 320 of concentric circle 310 by which holes 110 are arranged on
the plane of combustion plate 100. In some embodiments, exemplary hole 300 may
be described as being tilted around radius 350 of concentric circle 310 at third angle
3" on the plane of combustion plate 100, Second angle B and third angle 8’ may be
complementary angies andg add up 1o 807, iIn some smbodiments, a segment along
iongitudinal axis 300 of exemplary hole 300 may be tilled at second angle 8 or third
angie ' and the rest of exempiary hoie 300 may be straight or only be fiited at first
angie q.

032] In exempiary empodiments, the selecled holes configured to be liited
at first angle g and/or second angle B may form pathways for the fuel gas flow and/or
the air How and may aliow the fuel gas flow or the air flow 1o be discharged at
tangential velocilies {0 increase mixing and/or aliow sufficient mixing of the fuel gas
flow and the air flow. In some embodiments, holes 110 providing pathways for the
aiv flow may be lilted from the plane of combustion plate 100 at first angle g and/or
tiited from a tangent line of a concentric circle by which holes 110 are arranged at a
second angie §. Such configuration of holes 110 may allow the air flow {o be
discharged al a set of tangential velocities info combustion chamber 280 and mix
and combust with the fuel gas fiow discharged from holes 120, In soms
embodiments, holes 120 providing pathways for the fuel gas flow may be tilted from
the plane of combustion plate 100 at first angle ¢ and/or tilted from s tangent line of a

-
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concentric circle by which holes 120 are arranged at second angle B. Such
contiguration of holes 120 may allow the Tuel gas flow {0 be discharged af a set of
tangential velocities into combustion chamber 280 and mix and combust with the air
flow discharged from holes 110, In some embodiments, holes 110 providing
pathways for air flow may be tilted inward to the plane of combustion plate 100 at a
rirst angie o and holes 130 providing additional pathways for the air flow may be
tited inward to or outward away from the plane of combustion plate 100 at another
first angle a. Such configurafion of holes 110 and holes 130 may allow the air flow fo
o& digcharged at a first set of tangential velocities through holes 110 and at a second
set of tangential velocities through holes 130 info combustion chamber 280. The
directions and/or magnitudes of the second set of tangential velocities may differ
from those of the first sef of tangential velocities. In some embodiments, both of the
first and second sets of tangential velocities may direct the air flow towards the fuel
gas How discharged from holes 120 and aliow the air flow to mix and combust with
the Tuel gas flow.

033] in exempiary embodiments, combustion plate 100 of burner assembly
10 may be contigured 10 increase the mixing of the fuel gas flow and the air flow and
generate a swirling combustion flame during the combustion of fuel gas and air in
combustion chamber 280, For example, as shown in FiG. &, exemplary directions of
ine tangential velocities of the fuel gas flow and/or the air fiow are shown a8s arrows.
The directions of the tangeniial velocities may increase the mixing by introducing
immediate reactions between the fuel gas flow and the air flow discharged through
the tited holes. For exampie, comparing {0 a burner assembly having straight holes
through which the air flow and fuel gas flow are discharged, burmner assembly 10 may
increase the mixing vetween the fusl gas flow and air How and reduce the peak
ternperature of the swirling combustion flame generated by burner assembly 10 by
from about 30 °C to 200 °C. As describad herein, in some embodimeants.
combustion plate 100 of burmner assembly 10 may be configured {o allow adeguate
and/or compiete mixing of the fuel gas flow and the air flow and allow the formation
of the swirling combustion flame during combustion. The reduced temperature of the
swirling combustion flame may thus imit or suppress NO formation during
combustion and/or emission or the concentration of NOy in combustion exhaust gas

290 digcharged from combustion chamber 280,
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034] In some embodiments, the tangential velocities of the fuel gas flow
discharged from holes 120 and the tangential velocilies of the air flow discharged
from holes 110 and/or holes 130 may be controlled and/or reguialed. In some
embodiments, controlliing or reguiating of the tangential velocilies of the fuel gas flow
and/or air flow may alow balanced flow rates belween {he fuel gas flow and the aly
flow, optimized stoichiometlry betweean the fuel gas and air during combusiion,
gptimized mixing of the fuel gas flow and air flow, and/or oplimized combustion
afficiency {o reduce the combustion flame temperature. in some embodiments,
controling or reguiating of the {angential velocities of the fuel gas flow and/or air flow
may reduce or minimize NO formation during combustion and thus NQ, emission
from compustion chambper 280 of purner assembly 10, In some embodiments, the
tangential velocities of the fusl gas flow discharged from hioles 120 and {he
tangential velocilies of {the air flow discharged from holes 110 and/or holes 130 may
reduce NGO, formation during combustion by reducing initial urbulence at the start of
the combustion.

3351 In exemplary embodiments, any sslection or combination of holes
110, 120, and 130, and additional holes of combustion piate 100 may be configured
1o extend at first angle ¢ from the plane of combustion plate 100 and/or second angle
3 from a tangent line of one of the concentric circles on the plane of combustion
olate 100, In some embodiments, a seiection of holes 110 may be lilted at first angle
¢ and/or second angle 3. In some embodiments, a salection of holes 120 may be
lilted at first angle g and/or second angile B, In some embodiments, a seiecltion of
holes 130 may be tilfed at first angle g and/or second angle 3. In some
embodimeants, a selection of holes 110 and holes 130 may be tilted al first angle Q
and/or second angle B. In some embodiments, a selection of holes 110 and holes
120 may be lilted at first angle ¢ and/or second angle 5. In some embodiments, a
selaction of holes 120 and holes 130 may be lilted at first angle g and/or second
angie §. in some embodiments, a selection of holes 110, 120, and 130 may be tilted
at first angie a and/or second angle 5. in some embodiments, holes 110 and holes
130 may be configured 10 be tilted at difterent first angles ¢ and/or different second
angles 3. In some embodiments, holes 110 and holes 120 may be configured o be
tilted at different first angles o andfor differeni second angies 3. In some
ambodiments, holes 120 and holes 130 may be configured {0 be tilted at different
first angles ¢ and/or different second angies 3. In some embodiments, hoiles 110,
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120, and 130 may be configured to be tilled at different first angles g and/or different
second angles B.

{U36] In some embodiments, any selection of holes 110, 120, and 130 may
pe configured to tilt from the plane of combustion plate 100 at first angle ¢. In some
embodiments, first angle ¢ or ifs supplementary angle may be an acute angle. In
some embodiments, first angle a or its supplementary angle may range from about
U7 1o about 157, from about 0° to about 30°, from about §° to about 45° from about
(37 to about 807, from about 0° {0 about 75°, from about 0° to about 90°, from about
15° 1o about 30°, from about 15° to about 458°, from about 15° to about 80°. from
apout 157 to about 787, from about 15° to about 80°, from about 30° to about 45°,
from about 30° to about 80°, from about 30° {o about 75°, from about 30° to about
“0°, from about 457 {0 aboutl 807, from about 45° to about 75°, from about 45° {o
about B0°, from about 75° to about 80°, from about 80° to about 105° from about 80°
1o apout 1357, from about 80° to about 165°, from about 105° to about 135°, from
about 105° {0 about 165°, from about 135° to about 185°, from about 105° to about
180°, or from about 80° {0 about 1807, from about 105° {0 about 180° from about
135" to about 180°, or from about 165° {0 aboutl 180°. In exemplary embodiments,
first angle g or i{s supplementary angle may be configured not to be around §°, 80°,
and/or 180°. In some embodiments, when first angle a of any selection of holes 110,
120, and 130 is configured to be an acute angle, i.e., smaller than about 80°, the
selecied holes may be described as being tilted inward to the plane of combustion
piate 100 at first angle 9. In some embodiments, when the supplementary angle of
first angle o of any selection of holes 110, 120, and 130 is configured to be an acule
angie, the selected holes may be described as being tilted cutward from the plane of
combpustion plate 100 at first angle q.

037} In some embodiments, any selection of holes 110, 120, and 130 may
be described as being tilted from a tangent line of one of the concentric circles at
second angie § or tiited around radius 350 on the plane of combustion plate 100 at
third angle 5. In some embodiments, second angle B and third angle §' may be
complementary 1o each other and add up o 80°. In some embodiments, second
angle § or third angie B’ may be an acufe angle. In exemplary embodimenis, second
angie B or third angle ' may range from about 0° to about 158°, from about 0° to
about 30°, from about ° {0 about 45°, from about §° to about 80°, from about 0° to
about 75°, from about 0° to about 80°, from about 158° {0 about 30°, from about 15° {o
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about 45°, from about 15° to about 80°, from about 15° to about 75° from about 15°
(o about BU°, from about 30° to about 45°, from about 30° to about 80°, from about
30° to gbout 75°, from about 30° to about 80°, from about 45° to about 80°, from
apout 45° to about 75°%, from about 45° {0 about B0°, from about 75° to about 80°. In

exempiary embodiments, second angle § or third angle §' may be configured not o
pe around 0° and/for 907, In some embodiments, the number of holes 110, 120, or
130 arranged in one concentric circle may range from 3 to 300, in some
ambodiments, the number of additional holes arranged in one of the additional
concentric circles may range from 3 to 300, In some embodiments, the holes

arranged in one concentric circle may be distributed evenly along the perimeter of
the circle.

1038} In some embodiments, first angle o and/or second angle B of a
selection or combination of holes 110, 120, and 130 may be adjusiable. For
axampie, a seieclion of noles may be eguipped with adjustable fixtures movabie
and/or rotatadbie {0 adjust first angle « and/or second angle B individually or in
combinalion. Each adjustable fixiure may have a motor configurad to adjust the
movement and/or rotation of the fixture. In some embeodimentis, each adjustable
fdure may be configured to operatively connect {o a controlier or a processor that
may operate according 1o a programmabpie set of instructions stored in a non-
ransitory memory device. in some embodiments, the adjustable fixtures may open
or close the selection of holes individually or in combination under the instruction of
the controlier or processor. i some embodiments, first angle g and/or second angle
3 of a selection or combinalion of holes 110, 120, and 130 may be adjusted
individually or collectively {0 stabilize the swirling combustion flame, optimize the
mixing of fuel gas flow and air flow, reduce the temperature of the swirling
combustion flame, and/or achiave optimum NUy reduction or supprassion duning
combustion.

0381 In exemplary embodiments, the thickness of combustion piate 100
may be, for example, range from about 2 mm {0 about 40 mm, about 4 mm to about
35 mm, about © mm to about 30 mm, abouf 8 mm to about 25 mm, about 10 mm o
about 20 mm, about 12 mm 1o about 15 mm. In some embodiments, the diameter of
combustion plate may range from about 10 mm to about 2000 mm, about 100 mm {o
about 1500 mm, about 200 mm to about 1000 mm, about 300 mm o about 800 mm,
apout 400 mim 1o about 800 mm, about 200 mm to about 700 mm. In some
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embodiments, the diameter of holes 110 may range from about 8.2 mm to about 100
mm, about 0.5 mm to about 50 mm, about 1 mm to about 25 mm, about 2 mm to
about 12 mm, about 4 mm to about 10 mum, about 8 mm to about 8 mm. In some
smbodiments, the diameter of holes 120 may range from about 0.2 mm to about 100
mm, about 0.5 mm to about 50 mm, about 1 mm to about 25 mm, about 2 mm {o
about 12 mm, about 4 mm to about 10 mm, about 8 mm to about 8 mm. In some
smbodiments, the diameler of holes 130 may range from about 8.2 mm to about 100
Ty, aboutl 0.5 mm to about 50 mm, about 1 mm to about 25 mm, about 2 mm to
about 12 mm, about 4 mm {o about 10 mm, about & mm to about 8 mm. In some
smbodiments, the cross-sectional area of a selection of holes 110, 120, and/or 130
may decrease along the longitudinal axis from bottom surface 104 {o top surface
102, producing a nozzle for discharging the fusl gas flow and/or the air flow. In some
embodimenis, burner assembly 10 may be made of at least one material selecied
from metal, metal alloy, and inorganic material such as glass, porcelain, ceramic,
stiicon carbide, and combinations. In some embodiments, burner assembly 10 may
be made by casting, injection molding or additive manufacturing techniques, for
exampie, such as 30 prinfing. {n some embodiments, the numbers, angles,
arrangemsent, and/or configuration of holes 110, 120, and 130 may be designed,
modeied, and oplimized by computer aided design tools. In some embodiments,
purner assembly 10 may be by fabricated by welding or bolting air gas chamber 200
and fuel gas chamber 250 {o combustion plate 100,

1040] In some embodiments, the temperaiure of the swirling combustion
flame near top surface 104 of combustion plate 100 may range from about 20 “C o
apout 18900 "0, In some embodiments, the temperature of the swirling combustion
flame may depend on the distance of the swirling combustion flame away from {op
surface 104. For example, the temperature of the swirling combustion flame in
combustion chamber 280 may range from about 20 °C to about 1400 °C at a
agistance ranging from about 0 cm to about 1 cm away from top surface 104, and
may range from about 20 °C to about 1800 °C at a distance ranging from about 1 om
to about 15 om away from op surface 104, In some embodiments, one or more
lemperature sensors may be placed and distributed adiacent the walls of combustion
chamber 280 and/or additional combustion chamber 285 {o detect the temperatures
of the swirling combustion flame adjacent {o the locations of the temperature
sensors. In some emopodiments, the lemperaiure sensors may be configured {o
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generaie and send one or more feedback signals to a controller configured to control
the fiow rate of the fuel gas flow and {he air flow, and/or control the sizes, angles,
opening, and/or closing of holes 110, 120, and/or 130 until a predetermined
threshold temperaturs is reached.

1041] In some embodiments, the concentration of NO, in combustion
exiyaust gas 280 may depend on the distance away from top surface 104. For
exampie, in some embodiments, the concentration of NG, in combustion exhaust gas
280 may range from about O ppm to about 30 ppm atl a distance ranging from about
U cm to about 20 om from top surface 104, and may range from about C ppm to
aboul 15 ppm at a distance ranging from about 30 om to about 50 cm from top
surface 104, In some embodiments, the concentration of NG, in combustion exhaust
gas 280 may become lower at a further distance away from top surface 104 of
combustion plate 100. For example, the concentration of NO, in combustion exhaust
gas £80 may range from about { ppm {0 about 7 ppm at a distance ranging from
about 50 om t© about 100cm from fop surface 104, In some embodiments, one or
more Ny sensors may be placed and distributed adiacent the outlet of combustion
chamber 280 and/or addifional combustion chamber 285 to detect the concentrations
of NOy in combustion exhaust gas 280 adjacent to the NO, sensors. in some
embodiments, the NOy sensors may be configured to generate and send one or
maore feedback signais to a controlier configured to control the flow rate of the fusl
gas flow and the air flow, and/or control the sizes, angles, opening, and/or closing of
holes 110, 120, and/or 130 {0 reduce the concentration of NQ, in combustion
axhaust gas 2580 until a predetermined threshold level is met. In some
embodiments, the concentration of NOy in combustion exhaust gas 290 may conform
with various air guality standards, such as the Nalional Ambient Alr Quality
Standards (NAAQS), the California Environmental Protection Agency Alr Resources
Board {CARB), and the South Coast Air Quality Management District (SCAQMD)
regulations. ‘

U422}  in some embodiments, a first valve may be configured to control the
flow rate of the fuel gas flow to iniet 270 attached to fusl chamber 250 and a second
vaive may be configured to control the flow rate of the air flow to inlet 220 attached {o
air chamber 200, The first and second vaiues may be controlled {0 regulate the flow
rate of fuel gas flow discharged from holes 120 and air fiow discharged from holes

110 andfor 130 {0 adjust, increase, and/or oplimize the mixing and relative supply or

~ 14 -



CA 02994119 2018-01-295

WO 2017/023530 PCT/US2016/0428935

ihe stoichiometry of the fusel gas flow and air flow during combustion o reduce the
temperature of the swirling combustion flame and thus to limit or minimize NQ,
formation. in some embodiments, the flow rates of the fuel gas flow to inlet 270 and
the air flow o inlet 220 may be reguiated based on the feedback signals from the

temperature sensors and/or the NO, sensors. In some embodiments, the tangent
velocities and thus the mixing of the fusl gas flow discharged from holes 120 and air
gas flow discharged from holes 110 and/or holes 130 may be requlated based on the
feedback signails from the temperature sensors and/or the NO, sensors.

1043] Burner assembly 10 was modeled to simulate the combustion
reaction of a fuel gas flow and an air flow. Holes 110 were configurad to be tilted
inward 1o the plane of combustion plate 100 at a first angle o of about 60° and holes

130 were configured o be tilted inward 1o the plane of combustion plate 100 at a first
angie a of about 25°. Each of holes 110 and 130 was configured as being tilied from
a tanged line of the concentric circle by which holes 110 or holes 130 are arranged
ai 8 second angie B of about 50°. Holes 120 were configurad as extending straight
from top surface 102 o bottom surface 104. A normal burner assembly with holes
110, 120, and 130 configured as extending straight from top surface 102 to botiom
surface 104 was also modeled to compare with burner assembly 10 and
demonstrate he advantage of burner assembly 10. As shown in FIG. 7, burner
assembly 10 having tilled holes 110 and 130 can generate a swirling combustion
flame with lower temperalures than the normal burmner assembly having straight
noles so that burner assembly 10 having tilted holes 110 and 130 can form less NGO,
auring combpustion and emit a smaller concentration of NO, in combustion exhaust
gas 280 discharged from combustion chamber 280 than those of a normal burner
assembly having straight holes. The simulation resulls in FIG. 7 demonstrate that
burner assembly 10 according {o the present disclosure can have lower NG,
rormation and/or emission comparing {0 a normal burner assembly having straight
noies for discharging the fuel gas flow and air flow.

044]  In some embodiments, burner assembly 10 may be configured to
provide heat or thermal energy 1o a sieam reformer in a hydrogen generator. As
shown in FiG. 8, hydrogen generator 800 may comprise burner assembly 10 and s
steam reformer 610, Burner assembly 10 may be supplied with an air flow, for
gxampie, via inietl 220 and a fusi gas flow, for example, via inlet 270. The
combustion of ine fuel gas flow and air flow in burner assembly 10 may generats
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combustion exhaust gas 290 camrving the heat or thermal energy. Steam reformer
610 may comprise a burmner zone 620, a heat exchange boundary 830, and &
reforming zone 640, Combustion exhaust gas 220 may be supplied {0 burner zone
020 and the neat or thermal energy carried by combustion exhaust gas 220 may be
transterred via heat exchange boundary 830 1o reforming zone 640 through radiation
and/or convection heat fransfer. Reforming zone 640 may be supplied with &
hydrocarbon feedstock flow and a steam, which may undergo the steam reforming
regaction (o produce a hydrogen reformate or "synthesis gas.” In some embodiments,
One oF more purmner assembly 10 may be used in steam reformer §10.

{045] Methods of providing a heat source using burner assembiy 10
accoraing io exempiary embpodiments may comprise directing an air fiow through
hoies 110 and/or holes 130 and airecling a fuel gas flow through holes 120 as
gescribed above, In some embediments, the methods may comprise combusting
ine fuel gas fliow and the air flow directed through the holes adjacent top surface 102
of combustion plate 100, In some embodiments, the methods may further comprise
discharging the fuel gas flow at tangential velocities through holes 120 and the air
fiow at tangential velocities through holes 110 and/or 130, In some embodiments,
the methods may further comprise increasing and/or optimizing the mixing of the fugl
gas flow and air flow, and thus reducing and/or controiling the temperature of a
swirling combustion flame o or below a threshold level. In some embodiments, the
methods may further comprise imiing or suppressing NUO formation andfor
amiasion from the burner assembly 10 by reducing and/or coniroliing the
temperature of the swirling combustion fiame.

{0461 it will be apparent {0 those skilled in the art that varicus modifications
and variations ¢an be made 1o the disciosed system and method. Other
ambodiments will be apparent 10 those skilled in the art from consideration of the
specification and practice of the disciosed system and method. i is intended that the
specification and exampies be considered as exempliary only, with a frue scope

peing ndicated by the following claims and their equivaients.
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1. A burner assembly, comprising:

W ‘ “ 3
nat is ciaimed is:
I L, L 1, B, 0,y S g ©

a combustion plate having a first surface and a second surface,
COMprising,

a first pluraiily of holes extending from the first surface to
the second surface arranged in a first circle; and

a second piurality of holes extending from the first surface
10 {he second surface arranged in a second circle;

whierain the first circle and the second circle are

concentric cirgles: and

at ieast one of the holes has a longitudinal axis extending
at an acute angie from a plane of the combustion
piate,

2, The burmner assembly of ¢laim 1, wherein at least one of the firsi plurality of
noles has a longitudinal axis extending at a first acute angle from the plane of
the combustion plate.

3. The burmner assembly of claim £, wherein at least one of the second plurality of
noles has a iongitudinal axis extending at a second acute angle from the
plane of the combustion plate.

4. The burner assembly of claim 3, wherein al least one of the first plurality of
noles has a iongitudginal axis extending at a third acule angle from a tangent
line of one of the concentric circles on the plane of the combustion plate.

D The burmer assembly of claim 3, whereain at least one of the second plurality of
nNoles has a longitudinal axis extending at a third acute angie from a tangent
iine of one of the concentric circles on the plane of the combustion plate.

6. 1he burner assemoly of ciaim 2, wherein at least one of the first plurality of
noles has a longitudinal axis extending at a second acute angle from 3
langent line of one of the concentric circles on the plane of the combustion
piate.
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7. The burner assembly of claim §, wherein at least one of the second plurality of
noles has a longitudinal axis extending at a third acute angle from the plane of
the combustion plale.

8. The burner assembly of ¢laim B, wherein at least one of the second plurality of

holes has the longitudinal axis extending at a third acute angie from a tangent

ine of one of the concentric circles on the plane of the combustion plate.

g, The burner assembily of claim 1, further comprising a third plurality of holes
extending from the first surface 1o the second surface arranged in a third
circle, wherein the first circle, the second circle, and third circle are concentric
circles and he third circle is sandwiched between the first circle and the

seoond circle.

10, The burner assembly of ¢claim 8, wherein at least one of the third pluralily of
noles nas the iongitudinal axis extending at an acute angie from the plane of
the combustion plate and an acute angie from a tangent line of one of the

concentric circles on the plane of the combustion plate.

11, The burner assembiy of claim 8, wherein at least one of the third plurality of
noles has the longitudinal axis exiending at a first acute angle from he plans
of the combustion piate and a second acute angie from a tangsnt line of ons
of the concentric circies on the plane of the combustion plate.

12.  The burner assembly of claim 1, further comprising: a first chamber having an
end attached to the second surface of the combustion plate and fluidly
connected to the first plurality of holes; and a first inlet configured to be
suppiied with an air flow to the first chamber.

13, The burner assembly of claim 1, further comprising: a second chamber having
an end atlached to the second surface of the combustion plate and fluidly
connected 10 the second piurality of holes, and a second inlet configured 1o be

auppied with a fusl gas flow 1o the second chambper,

14. The burner assembiy of claim 1, wherein the holes are configured 10! increase
the mixing of an air flow discharged from the first plurality of holes and a fuel
gas fow discharged from the second plurality of noles; and generale &
swirling combustion flame during combustion of the fuel gas flow.

.48 .



CA 02994119 2018-01-295

WO 2017/023330 PCT/US2016/0428935

18

0.

17.

18.

19

20.

The burner assembly of ciaim 14, wherein the temperature of the swirling

combustion flame may range from about 20 °C to 1800 °C adjacent the first
surface.

The purner assembpiy of claim 1, wherain the acute angie ranges from about
15° about o 795°.

A method for providing a heat source from a burmner assembly, comprising:

directing a fusl gas flow through a first plurality of holes exiending from
a first surface 10 a second surface of a combustion plate;

directing an air flow through a second plurality of holes extending from
the first surface {0 the second surface of the combustion piate;
ang

combusting the fuel gas flow and the air flow directed through the
holes;

wherein the first plurality of holes are arranged in a first circie and the
second plurality of holes are arranged in a second circle, the first
and sscond circles being concentric circles; and

at ieast one of the holes has a longifudinal axis extending at an acute
angle from a plane of the combustion piate.

The method of claim 17, further compnsing: directing the fuel gas fiow and the
air flow through the holes at tangential velocities; and generaling a swining
combustion flame during the combustion.

the method of claim 18, further comprising controliing the temperature of the
swirling combustion {0 or below a level that limils NQ, emission from the
burner assembly, whergin the temperature of the swirling combustion flame
may range from about 20 °C 1o 1800 °C adjacent the firsi surface.

A hydrogen generator system for generating hydrogen, comprising:

a reformer, ang
a purner assembly, comprising:

a combustion plate having a first surface and a secong
surface, comprising:

-19 -
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a first plurality of holes extending from the first surface to

ihe second surface arranged in a first circle; and

a second plurality of noles extending from the first surface

¢ the second suwrface arranged in a second cicle,

whearein the first circle and second circle are concentric
circles:

at ieast one of the holes has a longifudinal axis extending

at an acute angie from a plane of the combustion
plate; and

the burner assembly s configured {0 combust a Tuel gas
How directed through the first plurality of holes and
an air flow directed through the second plurality of
holes {0 generate a combustion exhaust gas flow

supplied as a heat source to the reformer.
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