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with steam in the steam reformers to produce a hydrogen 
containing reformate. The present disclosure is further 
directed to reactor modules for use with the above steam 
reformers and methods of producing a hydrogen reformate. 
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1. 

STEAM REFORMERS, MODULES, AND 
METHODS OF USE 

This application claims priority of U.S. Provisional Appli 
cation No. 61/659,898, filed Jun. 14, 2012, which is incor 
porated herein by reference in its entirety. 

TECHNICAL FIELD 

The present disclosure relates to a steam reformer for the 
production of a hydrogen reformate, a reactor module for 
use in the steam reformers, and methods of producing a 
hydrogen reformate using the reformer or module. 

BACKGROUND 

Steam reforming is a method for producing hydrogen 
from hydrocarbons, such as methane. The basic chemistry of 
steam reforming uses a temperature-driven reaction of a 
hydrocarbon with water to produce a “synthesis gas,” a 
mixture of primarily hydrogen, water, carbon monoxide, and 
carbon dioxide as well as nitrogen for ammonia synthesis. 
This synthesis gas is sometimes more generally referred to 
as a “reformate' in which nitrogen can be just a trace amount 
of one element. 
A “steam reformer or “burner/reformer assembly” can 

comprise two flow regions. The first region can provide 
thermal energy from hot gases, produced, for example, by 
the combustion of fuel and oxygen, and called the “burner 
Zone.” The second region allows an endothermic steam 
reforming reaction between fuel and steam, and is called the 
“reforming Zone.” “reformer module,” or “reforming tubes.” 
These two flow regions are usually physically separated by 
a heat exchange boundary. 
One challenge in steam reforming is transferring enough 

energy through the heat exchange boundary to Sustain the 
reaction at a desired reaction temperature. The reaction 
temperature affects hydrocarbon conversion equilibrium and 
reaction kinetics. Higher reaction temperature in the reform 
ing Zone corresponds to a lower heat transfer resistance, 
higher hydrocarbon conversion, and a lower amount of 
residual hydrocarbon remaining in the reformate. This reac 
tion can be accelerated by using a catalyst containing a 
material Such as, for example, nickel, a precious metal, or 
another material containing a special promoter. 

High reaction temperatures, however, can cause severe 
thermal stress, corrosion, creep, and fatigue in metal com 
ponents of the heat exchange boundary and/or catalyst. 
Conversely, low reaction temperatures in the reforming Zone 
can reduce metal stress, corrosion, creep and fatigue, and 
lead to lower hydrocarbon conversions. Higher amounts of 
hydrocarbons in the reformate can cause difficulties in a 
Subsequent hydrogen separation stage. Furthermore, the 
more hydrocarbons left in the reformate, the less efficient the 
steam reformer System becomes. This leads to a higher cost 
of hydrogen and a higher level of carbon dioxide (a green 
house gas) emissions per unit of hydrogen produced. 

Large scale industrial steam reformers often use multiple 
reformer tubes as the heat exchange boundary, Surrounded 
by “hot-gas impingement' style burner modules. A burner 
fuel-air mixture can be fired in the space around the tubes, 
either directly toward the reformer tubes, along them, or 
parallel to the reformer tubes from the top and/or from the 
bottom. 

The reforming Zones of Such steam reformers often oper 
ate at high temperature (>850° C.) and pressure (as high as 
~30 bar), running continuously with few startup-shutdown 
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2 
cycles to prolong the usable life of the tubes. To control the 
temperature profile along the length of the reactor tubes, 
large industrial reformers sometimes use multiple burner 
heads along the reformer tubes to avoid the high local 
temperatures that are typically required if a single burner is 
used. 
Due to the large cost of construction of centralized 

reforming plants, many economic studies of a hydrogen 
economy have noted the potential advantages of Smaller 
scale distributed hydrogen production for use in, for 
example, appliances or other devices. For many applica 
tions, the demand of hydrogen is likely to be intermittent 
(non-limiting examples include a hydrogen fueling station 
serving a fleet of fuel cell or CNG/H2 capable vehicles to a 
residential-scale hydrogen refueling appliance, a merchant 
hydrogen appliance, a reformate production appliance, a 
combined heat and power (CHP) appliance, and a combined 
heat, hydrogen, and power (CHHP) appliance). To run 
efficiently, these hydrogen producing devices must start and 
stop many times while maintaining their performance and 
structural integrity. Small scale reformers can generally not 
afford the expense, space demand, and complexity of staged 
combustion, and often use a single stage in situ combustion 
to Supply heat to the reforming reaction. Single stage com 
bustion, however, often results in localized high tempera 
tures on the reformer tubes. Frequent startup-shutdown 
cycles and temperature excursions repeatedly expose 
reformer components to severe thermal gradients and tem 
perature spikes, both of which cause high thermal stresses, 
potentially inducing failures in a relatively short period of 
time. Additionally, heat transfer effectiveness is diminished 
along the combustion products flow direction on account of 
their falling temperature (i.e. heat transfer theory provides 
that the radiative component of heat flux scales with tem 
perature to the 4" power). 

SUMMARY 

In contrast to prior art steam reformers, the present 
disclosure provides a cost-effective (reduced capital, 
increased efficiency, and enhanced life) steam reformer 
architecture in which at least one burner Zone is designed 
and configured to promote radiative and convective heat 
transfer, both in general along the heat exchange boundary, 
as well as preferentially in the direction of flow. The steam 
reformers disclosed herein aim to overcome these and other 
limitations of prior systems. It is accordingly an object of the 
present disclosure to provide a steam reformer for the 
production of a hydrogen reformate. The steam reformer can 
comprise a shell having a cavity, and at least one heat Source 
configured to heat a fluid supplied to the cavity. The shell 
can comprise at least one conduit member comprising a 
thermally emissive material and having a passage extending 
generally there through. In some embodiments, the passage 
guides the heated fluid from the heat source to the cavity. In 
other embodiments, the conduit member is a radiant and/or 
emissivity conduit member at least partially disposed within 
the cavity. In still other embodiments, a first end of the at 
least one conduit member can be in fluid communication 
with the cavity, and a second end of the conduit can be in 
fluid communication with the at least one heat source. In 
other embodiments, the conduit member comprises a ther 
mally emissive material to provide a radiation emitting 
surface within the cavity. 
The shell can also comprise at least one reactor module at 

least partially disposed within the cavity to receive heat 
supplied by the heated fluid, and located about the at least 
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one conduit member to receive radiative heat supplied by the 
conduit member. In some embodiments, at least one of the 
at least one reactor modules can comprise at least one 
reforming catalyst. In some embodiments, the shell option 
ally can comprise at least one insulating member disposed 
about the cavity. In some embodiments, heat can be 
absorbed and radiated into the cavity by the at least one 
radiant conduit member when the heated fluid traverses the 
passage of the at least one radiant conduit member to the 
cavity. 
The shell may further comprise at least one deflector 

disposed about the first end of the at least one conduit 
member. In some embodiments, the at least one deflector can 
be interposed between the first end of the at least one conduit 
member and the at least one reactor module. 

It is accordingly another object of the present disclosure 
to provide a steam reformer for the production of hydrogen 
reformate, comprising a shell, which can be cylindrical, 
comprising a cavity, a bottom portion, a top portion, and an 
insulating member. The bottom portion can comprise an 
opening comprising, in one embodiment, a heat Source 
configured to heat a fluid Supplied to the cavity, and a silicon 
carbide hollow conduit comprising openings at both ends. A 
first end of the silicon carbide hollow conduit can be 
disposed within the cavity and opens into the cavity, and a 
second end of the silicon carbide hollow conduit can be 
attached to the shell bottom and opens to the shell exterior. 
In some embodiments, the at least one heat Source can be in 
fluid communication with the conduit second end and the 
silicon carbide hollow conduit can guide the heated fluid 
from the heat source to the cavity. As used herein, hollow is 
understood to mean empty inside such that a silicon carbide 
hollow conduit can comprise a passage from the heat Source 
to the shell cavity by the fluid connection of the first end, 
hollow inside, and second end of the silicon carbide hollow 
conduit. In other embodiments, a silicon carbide hollow 
conduit can include a surface coating on the hollow inside 
surface of the silicon carbide hollow conduit, or an extended 
Surface. 
The top portion of the cylindrical shell can comprise at 

least one opening configured to receive a cylindrical reactor 
module that extends into the cavity to receive heat supplied 
by the heated fluid. In some embodiments, the cylindrical 
reactor module can comprise at least one reforming catalyst. 

In some embodiments, a portion of the at least one reactor 
module disposed within the cavity can freely hang within the 
cavity without attachment to the cavity. In other embodi 
ments, a portion of the reactor module disposed within the 
cavity can be positioned about the silicon carbide hollow 
conduit to receive radiative heat supplied by the conduit. In 
still other embodiments, the space between the at least one 
cylindrical reactor module and the silicon carbide hollow 
conduit can be free of insulation, packing, or other materials 
designed to thermally isolate the at least one reactor module 
from the conduit. In some embodiments, the portion of the 
at least one reactor module that resides outside of the 
cylindrical shell can be individually and removably attached 
to the top portion of the cylindrical shell. In other embodi 
ments, the portion of the at least one reactor module that 
resides outside of the cylindrical shell can be individually 
and removably attached to the bottom portion of the cylin 
drical shell. In some embodiments, this can allow for 
individual insertion, removal, and/or replacement of one or 
more reactor modules. 

In some embodiments, the steam reformer can comprise 
an insulating member disposed about the cavity between the 
shell inner surface and the reactor module. In one embodi 
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4 
ment, a Surface of the insulating member facing the reactor 
module can be shaped to reflect radiant heat from the radiant 
conduit member and reactor module, and heated fluid back 
to the reactor module. 
The shell may further comprise at least one reflector 

disposed about the at least one insulating member. In some 
embodiments, the at least one reflector can be interposed 
between the at least one insulating member and the at least 
one reaction module. 

It is accordingly yet another object of the present disclo 
Sure to provide a method of producing hydrogen comprising 
heating a fluid with the heat source of the steam reformers 
disclosed above, communicating the heated fluid through the 
at least one radiant conduit member to the cavity to heat the 
reactor module, and reforming at least a portion of a reactant 
in the reactor module to a hydrogen reformate. In some 
embodiments, the method can comprise heating the conduit 
member of the steam reformers disclosed above with the 
heat source and radiating heat from the at least one conduit 
member to the reactor module. 

In another embodiment, the method comprises heating the 
fluid with the heat source, heating the at least one radiant 
conduit member with the heated fluid, radiating heat from 
the at least one conduit member to the reactor module, and 
reforming at least a portion of a reactant stream in the reactor 
module to a hydrogen reformate. 

It is a further object of the present disclosure to provide 
a reactor module. In some embodiments, the reactor module 
can comprise a thermally conductive shell having a cavity, 
and a tube assembly disposed at least partially within the 
cavity. In some embodiments, the tube assembly can com 
prise at least one catalyst bed disposed within the cavity to 
receive heat conducted by the thermally conductive shell, 
the at least one catalyst bed comprising at least one reform 
ing catalyst. In other embodiments, the reforming catalyst 
can comprise at least one of a steam reforming catalyst, a 
pre-steam reforming catalyst, an oxidation catalyst, a partial 
oxidation catalyst, and a water-gas-shift catalyst. The 
reforming catalyst can be in any form or structure and of any 
appropriate size including, for example, foams, monoliths, 
spheres, tablets, cylinders, stars, tri-lobes, quadra-lobes, 
pellets, granules, honeycombs, cubes, plates, felts, particles, 
powders, structured forms, reticulated foam, foam pellets/ 
chips/disc, on metal, metal alloy, and/or ceramic Support, 
and combinations thereof. In some embodiments, the 
reformer catalyst can be place in or coated on a catalytic heat 
converter, metal or metal alloy Support, or on carbon nano 
tubes in or on any of the foregoing. 

In still other embodiments, the tube assembly also can 
comprise at least one first channel configured to provide at 
least one reactant stream to at least a portion of the at least 
one catalyst bed, and at least one second channel configured 
to provide at least one product stream from at least a portion 
of the at least one catalyst bed. In some embodiments, the 
tube assembly also can comprise at least one partition wall 
interposed between at least a portion of the at least one first 
channel and at least a portion of the at least one second 
channel. In some embodiments, heat can be exchanged 
through the at least one partitioning wall between at least a 
portion of the product stream and at least a portion of the 
reactant stream. In some embodiments, said heat exchange 
substantially occurs within the cavity. In other embodiments, 
at least a portion of the reactant stream converts to the at 
least one product stream when at least a portion of the 
reactant stream interacts with at least a portion of the at least 
one reforming catalyst. 
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In other embodiments, the reactor module can comprise a 
first fluid conduit having a first end including a product exit 
port, a second end, and a passage extending generally 
between the first end and the second end of the first fluid 
conduit wherein at least part of the passage of the first fluid 
conduit includes at least one reforming catalyst, a second 
fluid conduit having a first end, a second end, and a passage 
extending generally between the first end and the second end 
of the second fluid conduit, a third fluid conduit having a first 
end, a second end, and a passage extending generally 
between the first end and the second end of the third fluid 
conduit, and a fourth fluid conduit having a first end includ 
ing a reactant entry port, a second end, and a passage 
extending generally between the first end and the second of 
the fourth fluid conduit. In some embodiments, the second 
ends of the first and fourth fluid conduits can be fluidly 
connected, the second ends of the third and second fluid 
conduits can be fluidly connected, and the first ends of the 
fourth and third fluid conduits can be fluidly connected. In 
Some embodiments, at least part of the passage of the fourth 
fluid conduit includes at least one reforming catalyst. 

In other embodiments, the first fluid conduit can be at 
least partially located within the passage of the second fluid 
conduit, the second fluid conduit can be at least partially 
located within the passage of the third fluid conduit, and the 
third fluid conduit can be at least partially located within the 
passage of the fourth fluid conduit. 

In still other embodiments, the first end of the first fluid 
conduit can include a reactant entry port. In other embodi 
ments, the first end of the second fluid conduit includes a 
product exit port. 

Additional objects and advantages of the present disclo 
sure will be set forth in part in the description which follows, 
and in part will be obvious from the description, or can be 
learned by practice of the disclosure. The objects and 
advantages of the present disclosure will be realized and 
attained by means of the elements and combinations par 
ticularly pointed out in the appended claims. 

It is to be understood that both the foregoing general 
description and the following detailed description are exem 
plary and explanatory only and are not restrictive of the 
disclosure, as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated in 
and constitute a part of this specification, illustrate embodi 
ments of the present disclosure and together with the 
description, serve to explain the principles of the disclosure. 

FIG. 1 depicts a cross-sectional interior view of one 
embodiment of a steam reformer of the present disclosure. 

FIG. 2 depicts a cross-sectional interior view of an 
embodiment of a steam reformer of the present disclosure. 

FIG. 3 depicts a first end of a shell of a steam reformer of 
the present disclosure. 

FIG. 4 depicts one embodiment of an insulating member 
of the present disclosure. 

FIG. 5 depicts a cross-sectional interior view of an 
embodiment of a steam reformer of the present disclosure. 

FIG. 6 depicts a cross-sectional internal view of a reactor 
module of the present disclosure. 

FIG. 7 depicts one embodiment of a steam reformer of the 
present disclosure further comprising at least one deflector. 

FIG. 8 depicts a cross-sectional interior view of an 
embodiment of a steam reformer of the present disclosure 
further comprising at least one deflector and at least one 
reflector. 
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6 
DESCRIPTION OF THE EMBODIMENTS 

FIG. 1 depicts one embodiment of the present disclosure. 
Steam reformer 1 can comprise a shell 10, wherein part or 
all of shell 10 can be constructed of metal, ceramic, high 
temperature polymers, or the like. Various manufacturing 
methods can be used to produce shell 10. For example, 
manufacturing can include metal pipe, rolling metal sheets, 
welding metal plates, or other methods known in the art. 
Shell 10 can be formed into a cylindrical, circular, rectan 
gular, oblong, elliptical, square, rectangular, or other geo 
metric shapes, and whose cross-sectional form may vary 
along their length. 

Steam reformer 1 can include a heat source 30 configured 
to heat a fluid supplied to a cavity 20 contained within shell 
10. Heat Source 30 can produce a hot gas by any means 
known in the art, Such as, burning a fuel, converting elec 
tricity into heat, using Solar energy, or combinations thereof. 
In one embodiment, heat source 30 is a high temperature 
heat source. In some embodiments, heat source 30 can be 
located near a second end of shell 10 as shown in FIG.1. In 
other embodiments, heat source 30 can be located at either 
end of shell 10, or remote from steam reformer 1. 

Steam reformer 1 can also comprise conduit member 40 
comprising a first end 42, a second end 44, and a passage 46 
extending generally between first end 42 and second end 44. 
Conduit member 40 can include a cylindrical tube, pipe, or 
any other structure. Conduit member 40 can be in a circular, 
rectangular, oblong, elliptical, or other geometric shapes and 
whose cross-sectional form may vary along their length. In 
Some embodiments, the size and shape of conduit member 
40 can vary along its length to change the geometry (e.g. 
cross-sectional flow area) of the flow passage, as well as the 
heat exchange boundary exposed to radiative heat transfer. 
In some embodiments, second end 44 can accept a fluid as 
an input, and 44 first end 42 can discharge a fluid as an 
outputs into cavity 20. 

In one embodiment, Conduit 40 is configured to radiate 
heat into cavity 20. For example, in some embodiments (1) 
the materials of construction can be chosen (e.g. on the basis 
of thermal conductivity and/or emissivity) to influence ther 
mal gradients in conduit member 40 (which affects the 
Surface temperature distribution and associated radiative 
emission); and/or (2) the shape and Surface characteristics 
(e.g. roughness, texture, contour, or emissivity-enhancing or 
reducing coatings) of conduit member 40 can be altered to 
enhance or reduce the intensity and/or directionality of local 
radiative heat flux. Conduit 40 can be constructed of metal, 
metal alloy, and inorganic material Such as glass, porcelain, 
ceramic, silicon carbide, and combinations thereof, and 
made by methods known in the art. Conduit member 40 can 
include materials which are robust under thermal cycling, 
high temperatures, and thermal shock, and which have 
favorable heat transfer characteristics. In some embodi 
ments, conduit member 40 can comprise at least one ther 
mally emissive material selected from metal, metal alloy, 
porcelain, glass, ceramic, silicon carbide, combinations 
thereof. Non-limiting examples of metal include tungsten, 
nickel, chromium, iron, aluminum, and stainless steel. Non 
limiting examples of metal alloys include alloys comprising 
at least one of nickel, iron, cobalt, chromium, molybdenum, 
tungsten, silicon, manganese, aluminum, carbon, and mix 
tures or combinations thereof. 

In one embodiment, a metal alloy comprises 57% nickel, 
up to 3% iron, up to 5% cobalt, 22% chromium, 2% 
molybdenum, 14% tungsten, 0.4% silicon, 0.5% manganese, 
0.3% aluminum, 0.10% carbon, 0.015% boron, and 0.01% 
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lanthanum and is sold as, for example, Haynes 230(R). In 
another embodiment, a metal alloy comprises 75% nickel, 
3% iron, up to 2% chromium, 16% cobalt, up to 0.2% 
silicon, up to 0.5% manganese, 4.5% aluminum, 0.04% 
carbon, 0.01% yttrium, and up to 0.1% zirconium and is sold 
as, for example, Haynes 214(R). In still other embodiments, 
a metal alloy comprises 20% nickel, 31% iron, 18% chro 
mium, 22% cobalt, 3% molybdenum, 2.5% tungsten, 0.4% 
silicon, 1% manganese, 0.2% aluminum, 0.10% carbon, 
0.2% nitrogen, 0.6% tantalum, 0.02% lanthanum, and 0.01% 
zirconium, and is sold as, for example, Haynes 556(R). In still 
further embodiments, a metal alloy comprises 11% nickel, 
65% iron, 21% chromium, up to 0.8% manganese, 1.7% 
silicone, 0.17% nitrogen, 0.07% carbon and is sold as, for 
example, 253MAR). In some embodiments, a metal alloy 
comprises 33% iron, 37% nickel, up to 3% cobalt, 25% 
chromium, up to 2.5% molybdenum, up to 2.5% niobium, 
0.7% manganese, 0.7% silicon, 0.6% silicon, 0.20% nitro 
gen '% aluminum, 0.05% carbon, and 0.004% boron, and is 
sold as, for example, Haynes HR-120R) alloy. In other 
embodiments, a metal alloy comprises 37% nickel, 29% 
cobalt, 28% chromium, up to 2% iron, 2.75% silicon, 0.5% 
manganese, 0.5% titanium, 0.05% carbon, up to 1% tung 
Sten, up to 1% molybdenum, and up to 1% niobium, and is 
sold as, for example, Haynes HR-160R) alloy. In other 
embodiments, the at least one thermally emissive material 
can be silicon carbide. 

In one embodiment, conduit member 40 comprises a Solid 
tube. Solid as used herein means non-permeable to gas flow 
wherein the heated fluid entering conduit member 40 com 
prising a solid tube can only enter cavity 20 by traversing 
passage 46 and second end 44. 

In some embodiments, second end 44 of conduit member 
40 can be in fluid communication with heat source 30. In still 
other embodiments, first end 42 of conduit member 40 can 
also be in fluid communication with cavity 20. Conduit 
member 40 can be peripherally sealed at second end 44 
where it accepts inputs from heat source 30, to prevent fluid 
bypass, i.e. to prevent fluid from flowing from the interior of 
conduit 40 to the exterior of conduit 40 via a path not passing 
through first end 42. 

Convection is the concerted, collective movement of 
ensembles of molecules within fluids (i.e. liquids, gases) and 
rheids. Convective heat transfer is the transfer of heat by the 
fluid molecular movement on the surface of the transfer 
boundary. Convective heat transfer does not occur through 
a solid material. The heat transfer occurred through a solid, 
liquid, or stagnant gas is called conductive heat transfer. 
Thermal radiation, another type of heat transfer, is electro 
magnetic radiation generated by the thermal motion of 
charged particles in matter. Thus, a hot Solid material can 
heat another solid material without making physical contact 
by radiant heat transfer. 

In some embodiments, heat can be communicated con 
vectively from heat source 30 to cavity 20 by the flow of the 
heated fluid from heat source 30 through conduit member 40 
into cavity 20. Conduit member 40 can contain and direct 
the flow of fluid, for example, a combination of fuel, 
oxidant, inerts, and combustion products from heat Source 
30 which heats conduit member 40. Heat can then be 
transferred convectively and radiantly to the region bound 
ing conduit member 40. Conduit member 40 which can have 
a very high Surface temperature, can thus act as a radiant 
heat Source. As such, heat can be emitted radiantly to the 
Surrounding Surfaces by a Substantial portion of conduit 
member 40. Thus, in certain embodiments, a surface of the 
Solid radiant conduit member is in hot fluid communication 
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8 
with heat-accepting Surfaces within the cavity while emit 
ting radiant energy to the Surrounding Surfaces of a reactor 
module and an insulation member. In some embodiments, a 
length of the radiant conduit member can be close to the 
length of the reactor modules within the cavity. The length 
of the radiant conduit member can affect the radiant heat 
transfer. 

Steam reformer 1 can also comprise at least one reactor 
module 50 for the catalytic conversion of a reactant stream 
to a hydrogen reformate stream. In some embodiments, a 
portion of the reactor module disposed within the cavity can 
be located about the radiant conduit member to receive 
radiant heat supplied by the radiant surface of the solid 
radiant conduit member. Reactor module 50 can include a 
cylindrical tube, pipe, or any other structure. Reactor mod 
ule 50 can be in a circular, rectangular, oblong, elliptical, or 
other geometric shapes and whose cross-sectional form may 
vary along their length. In some embodiments, the size and 
shape of reactor module 50 can vary along its length to 
change the geometry (e.g. cross-sectional flow area) of the 
flow passage, as well as the heat exchange boundary 
exposed to radiative heat transfer. 

Reactor module 50 can be constructed of at least one 
thermally conductive material. For example, in some 
embodiments, reactor module 50 can comprise at least one 
thermally conductive and radiant emissivity and/or absorp 
tivity material selected from metal, metal alloy, porcelain, 
glass, ceramic, silicon carbide, and combinations thereof. In 
Some embodiments, reformer 50 can comprise a high tem 
perature alloy, and can be constructed by cutting, welding, 
casting, or any other method known in the art. Non-limiting 
examples of metal include tungsten, nickel, chromium, iron, 
aluminum, stainless steel, and mixtures or combinations 
thereof. Non-limiting examples of metal alloys include 
alloys comprising at least one of nickel, iron, cobalt, chro 
mium, molybdenum, tungsten, silicon, manganese, alumi 
num, carbon, and mixtures or combinations thereof. 

In one embodiment of the present disclosure, a metal alloy 
comprises 57% nickel, up to 3% iron, up to 5% cobalt, 22% 
chromium, 2% molybdenum, 14% tungsten, 0.4% silicon, 
0.5% manganese, 0.3% aluminum, 0.10% carbon, 0.015% 
boron, and 0.01% lanthanum and is sold as, for example, 
Haynes 230(R). In another embodiment, a metal alloy com 
prises 75% nickel, 3% iron, up to 2% chromium, 16% 
cobalt, up to 0.2% silicon, up to 0.5% manganese, 4.5% 
aluminum, 0.04% carbon, 0.01% yttrium, and up to 0.1% 
Zirconium and is sold as, for example, Haynes 214(R). In still 
other embodiments, a metal alloy comprises 20% nickel, 
31% iron, 18% chromium, 22% cobalt, 3% molybdenum, 
2.5% tungsten, 0.4% silicon, 1% manganese, 0.2% alumi 
num, 0.10% carbon, 0.2% nitrogen, 0.6% tantalum, 0.02% 
lanthanum, and 0.01% zirconium, and is sold as, for 
example, Haynes 556(R). In still further embodiments, a 
metal alloy comprises 11% nickel, 65% iron, 21% chro 
mium, up to 0.8% manganese, 1.7% silicone, 0.17% nitro 
gen, 0.07% carbon and is sold as, for example, 253MAR). In 
some embodiments, a metal alloy comprises 33% iron, 37% 
nickel, up to 3% cobalt, 25% chromium, up to 2.5% molyb 
denum, up to 2.5% niobium, 0.7% manganese, 0.7% silicon, 
0.6% silicon, 0.20% nitrogen '% aluminum, 0.05% carbon, 
and 0.004% boron, and is sold as, for example, Haynes 
HR-120R) alloy. In other embodiments, a metal alloy com 
prises 37% nickel, 29% cobalt, 28% chromium, up to 2% 
iron, 2.75% silicon, 0.5% manganese, 0.5% titanium, 0.05% 
carbon, up to 1% tungsten, up to 1% molybdenum, and up 
to 1% niobium, and is sold as, for example, Haynes 
HR-160(R) alloy. The reactor module can comprise a high 
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absorptivity Surface to accept radiant energy from the Sur 
face of the radiant conduit member. 

In some embodiments, the length of conduit member 40 
can be equal to or less than the length of reactor module 50 
which can affect radiant heat transfer. In other embodiments, 
the length of conduit member 40 can be greater than the 
length of reactor module 50. In this embodiment, the control 
factor of radiant heat transfer can be the shortage of the 
surface area of the conduit member 40. In still other embodi 
ments, reactor module 50 can comprise at least one reform 
ing catalyst Such as a steam methane reforming catalyst, a 
pre-steam reforming, an oxidation, partial oxidation or a 
water-gas-shift catalyst. The reforming catalyst can fill the 
catalyst bed, wholly or partially, in any form discussed 
above Such as granular, pelletized catalyst media, and coated 
on a Support material Such as a foam inserted into the 
catalyst bed. In some embodiments, the reforming catalyst 
bed absorbs radiant energy from the surface of the radiant 
conduit member via the high absorptivity surface of reactor 
module 50. 

In some embodiments, reactor module 50 can be at least 
partially disposed within cavity 20 to receive heat supplied 
by the heated fluid, and located about conduit member 40 to 
receive radiative heat supplied by conduit member 40. 
Combustion products from heat source 30 exiting first end 
42 of conduit member 40 can come into direct contact with 
the exterior surfaces of reforming module 50. In some 
embodiments, heat can be communicated convectively from 
heat source 30 to cavity 20 and reactor module 50 by the 
flow of the heated fluid from heat source 30 through conduit 
member 40 into cavity 20. 

At steady state operation of a steam reformer of the 
present disclosure, reactor module 50 can receive heat 
comprising convective heat from the heated fluid and radiant 
heat radiated by conduit member 40. In some embodiments, 
radiant heat comprises about 10% to about 90% of the total 
heat received by reactor module 50 at steady state operation 
of a steam reformer of the present disclosure. As used herein, 
steady state is understood to mean operating conditions 
which are generally constant with time. For example, radiant 
heat can comprise about 20% to about 80%, about 30% to 
about 70%, about 40% to about 60%, about 50% to about 
90%, about 60% to about 90%, about 70% to about 90%, 
about 80% to about 90%, about 60% to about 80%, about 
60% to about 70%, or about 70% to about 80% of the total 
heat received by the reactor module at steady state operation 
of a steam reformer of the present disclosure. In other 
embodiments, radiant heat comprises about 10%, about 
20%, about 30%, about 40%, about 50%, about 60%, about 
70%, about 80%, or about 90% of the total heat received by 
the reactor module at steady state operation of a steam 
reformer of the present disclosure. 

In some embodiments, the amount of radiant heat of the 
total heat received by the reactor module exceeds the 
amount of convective heat of the total heat received by 
reactor module 50 at steady state operation of a steam 
reformer of the present disclosure. For example, the amount 
of radiant heat received by the reactor module can be about 
10% to about 200% greater, about 20% to about 180% 
greater, about 30% to about 170% greater, about 40% to 
about 160% greater, about 50% to about 150% greater, about 
60% to about 140% greater, about 70% to about 130% 
greater, about 80% to about 120% greater, about 90% to 
about 110% greater than the amount of convective heat 
received by the reactor module at steady state operation of 
a steam reformer of the present disclosure. In some embodi 
ments, radiant heat is about 100%, about 200%, about 300%, 
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10 
about 400%, or about 450% greater than the amount of 
convective heat received by reactor module 50 at steady 
state operation of a steam reformer of the present disclosure. 

In some embodiments, steam reformer 1 can optionally 
comprise insulating members inside or on its inner Surface 
to protect shell 10 and to reduce heat loss. For example, in 
Some embodiments, insulating member 60 can be disposed 
about an inner surface of shell 10 and reactor module 50. In 
other embodiments, shell 10 also can comprise insulating 
member 65 disposed about the inner surface of shell 10 
about an upper portion of cavity 20. Insulating members 60 
and 65 can comprise a refractory ceramic material. For 
example, in some embodiments (1) the materials of con 
struction can be chosen (e.g. on the basis of thermal con 
ductivity and/or emisivity) to influence thermal gradients in 
insulating members 60 and 65 (which affects the surface 
temperature distribution and associated radiative emission); 
and/or (2) the shape and Surface characteristics (e.g. rough 
ness, texture, contour, or emissivity-enhancing or reducing 
coatings) of insulating members 60 and 65 can be altered to 
enhance or reduce the intensity and/or directionality of local 
radiative heat flux. 

Insulating members 65 and 60 can be made by such 
methods as machining, casting, or other methods known in 
the art. Insulating members 60 and 65 can be in a circular, 
rectangular, oblong, elliptical, or other geometric shapes and 
whose cross-sectional form may vary along their length. In 
Some embodiments, the size and shape of insulating mem 
bers 60 and 65 can vary along its length to change the 
geometry (e.g. cross-sectional flow area) of the flow pas 
sage, as well as the heat exchange boundary exposed to 
radiative heat transfer. 

FIG. 2 depicts an embodiment of the present disclosure 
wherein the radiant conduit 40 can be a single cylindrical 
tube made of silicon carbide, positioned in the center of an 
array of reforming modules 50. Hot fluid can flow through 
passage 46 of conduit 40 from the bottom of the conduit to 
the top of the conduit as represented by the arrow traversing 
passage 46, heating a surface of conduit 40. AS Such, conduit 
40 with heated surfaces serves as an active radiator. The 
arrows from conduit 40 to reactor module 50 representing 
radiant heat transfer, and the arrows from insulating member 
60 to reactor module 50 representing radiant heat reflected 
back to reactor module 50. Reactor modules 50 surround 
heated conduit 40 for surface-to-surface radiative heat trans 
fer. The hot gases, upon exiting conduit 40, turn and pass 
over reactor modules 50, first transversely and then in 
parallel to provide convective heat transfer as indicated by 
the arrow exiting passage 46 and curved arrows along the 
length of the reactor module 50. In some embodiments, the 
convective heat transfer indicated by the arrow exiting 
passage 46 and curved arrows along the length of reactor 
module 50 occurs all around the circumference of reactor 
module 50. 
The high radiation from conduit 40 surface can effectively 

heat the lower portion of reforming modules 50 where the 
Surface temperature can be lower. The radiation can also 
smooth out temperature gradients on reactor modules 50 
over a substantial portion of their length. The temperature of 
the hot gases exiting conduit 40 can be generally lower than 
the one without radiation occurring on the conduit wall. The 
combination of Surface-to-Surface radiation and convective 
heat transfer can maintain peak temperature of the module 
walls at a lower temperature and at the same heat transfer 
duty, a key consideration in achieving longer reformer 
lifetimes. 
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FIG. 3 depicts an embodiment of the present disclosure 
where first end 90 of shell 10 includes a plurality of openings 
70, wherein each opening 70 can be configured to receive 
reactor module 50. In some embodiments, reactor module 50 
can be individually inserted to extend into cavity 20 of the 
shell 10. 

FIG. 4 depicts a cross-sectional view of the embodiment 
shown in FIG. 2. As shown, a Surface of insulating member 
60 can be designed to provide a radiant reflective surface 
geometry. For example, a surface facing a portion of reactor 
module 50 disposed within cavity 20 can be shaped to 
conform to the shape of said portion of reactor module 50 
and sized to provide space 25 between said portion of reactor 
module 50 and said surface of insulating member 60. High 
temperature heat media can flow through the space 25 in an 
optimal velocity considering convective heat transfer rates, 
flow uniformity, pressure drop, mechanical tolerance, 
assembly requirements and cost. In some embodiments, the 
geometry of the at least one insulating member provides that 
the radiant beams from the surface of the radiant element 
arriving at the Surface of the reactor module are intercepted 
and deflected back by the surface of the insulation member 
to the reactor modules. In other embodiments, the at least 
one insulating member comprises arc shapes the number of 
which can match the number of the reactor modules. In other 
embodiments, the length of the at least one insulation 
member can be about the same or Substantially the same as 
the length of the cylindrical shell for radiant reflection and 
metal shell protection. 

FIG. 5 depicts another embodiment of the present disclo 
sure wherein the portion of reactor module 150 that remains 
outside of cavity 120 can be individually and removably 
attached to top portion 190 of shell 100. For example, 
portion 152 can be attached to top portion 190 by such 
means as clamps, bolts, or other mechanisms known in the 
art. In some embodiments, portion 152 can be removably 
attached to top portion 190 without welding and can have the 
advantage of quick removal and/or replacement of reactor 
module 50 as a method of servicing the steam reformer. In 
other embodiments, portion 152 can be removably attached 
to bottom portion 180 (not depicted). 

In some embodiments, portion 154 of reactor module 150 
disposed within cavity 120 freely hangs within the interior 
space without attachment to the inner surface of the shell 
near bottom portion 180 of the shell 100. In one embodi 
ment, portion 154 can be attached to the inner surface of the 
shell near bottom portion 180 of the shell 100, for example, 
with pigtail pipes (not depicted), which are flexible gas 
conduits between two connection points allowing for dif 
ferential thermal expansion and/or displacement, or means 
otherwise known in the art. In other embodiments, portion 
154 of reactor module 150 disposed within cavity 120 freely 
hangs within the interior space without attachment to the 
inner surface of the shell near bottom portion 180 of the shell 
100. In one embodiment, portion 154 is free from such 
connections within the cavity as, for example, pigtail pipes. 

In some embodiments, bottom portion 180 can comprise 
opening 185 wherein conduit 140 can be attached at second 
end 144 of conduit 140. In some embodiments, a reactant 
entry port and a product exit port of the reactor module are 
both connected to the top portion of the reactor module or 
the bottom of the reactor module. In other embodiments, a 
reactant entry port and a product exit port are on different 
portions of the reactor module. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 
In another embodiment, cooling coil 160 can cool the 

exhaust stream exiting from the reformer. In some embodi 
ments, the cooling coil can be separated from the burner/ 
reformer assembly. 

FIG. 6 depicts another embodiment of a reforming mod 
ule 50 of the present disclosure. In this embodiment, reactor 
module 50 can be a vessel with an exterior surface designed 
to accept thermal input from the exterior region (e.g. radia 
tion from the surface of conduit member 40 and insulation 
members 60 and 65, and convection from hot gases from 
conduit member 40 (not pictured)). The thermal input can 
pass into the at least one reforming catalyst, driving the 
endothermic reforming reaction. Reactor module 50 can be 
a vessel, tube, pipe, duct or other structure as discussed 
above. 

Reactor module 50 can be installed or replaced from 
outside of the reformer. Each reactor module 50 can be 
installed either from top or from the bottom of the reformer. 
The module outside shape can be round, square, triangle or 
any other shapes. Reactor module 50 can be constructed of 
Such materials as any inorganic materials such as glass, 
ceramic, stainless Steels, exotic alloys, metal alloy as 
described above, etc. depending on operating pressure and 
temperature. 

In this embodiment, reactor module 50 can comprise a 
cavity and contains a multiplicity of flows spaces nested 
together and configured in Such a way to induce multiple 
countercurrent flows. In some embodiments, the nested flow 
spaces comprise a tube assembly disposed at least partially 
within the cavity of reformer 50. Specifically, reactor mod 
ule 50 includes a first fluid conduit that, in this embodiment, 
is shell 200 that includes a first end 210, a second end 220, 
and a passage extending generally between first end 210 and 
second end 220. Reactor module 50 also can comprise 
second fluid conduit 250 disposed within the passage of the 
first fluid conduit. Second fluid conduit 250 includes first 
end 252, second end 254, and passage 256. 
A third fluid conduit 260 can be disposed within passage 

256 of second fluid conduit 250 and includes a first end 262, 
a second end 264, and a passage 266. A fourth fluid conduit 
270 can be disposed within passage 266 of third fluid 
conduit 260 and includes a first end 272, a second end 274, 
and a passage 276. The passage of first fluid conduit 200 also 
can comprise reforming catalyst bed 230 which can com 
prise at least one reforming catalyst. First end 272 of fourth 
fluid conduit 270 further includes reactant entry port 310, 
and first end 210 of first fluid conduit 200 includes product 
exit port 320. 

Second end 220 of first fluid conduit 200 and second end 
274 of fourth fluid conduit 270 can be fluidly connected 
allowing for fluid flow of a reactant stream to pass through 
fourth fluid conduit 270 to reforming catalyst bed 230. In 
some embodiments, reactant entry port 310 and fourth fluid 
conduit 270 can function as a first channel configured to 
provide a reactant stream to at least a portion of catalyst bed 
23O. 

Reforming catalyst bed 230 can be fluidly connected to 
second fluid conduit 250 at first end 252 allowing for fluid 
flow of a product stream to pass from catalyst bed 230 to 
second fluid conduit 250. Second end 264 of third fluid 
conduit 260 and second end 254 of second fluid conduit 250 
can be fluidly connected allowing for fluid flow of a product 
stream to pass from second fluid conduit 250 to third fluid 
conduit 260. First end 210 of first fluid conduit 200 and first 
end 262 of third fluid conduit 260 can be fluidly connected 
allowing for fluid flow of a product stream to pass from third 
fluid conduit 260 to first fluid conduit 200 and out reactant 
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exit port 320. In some embodiments, second fluid conduit 
250, third fluid conduit 260, and first fluid conduit 200 can 
function as a second channel configured to pass a reactant 
stream from catalyst bed 230 to reactant exit port 320. 
A hot product stream passing from reforming catalyst bed 

230, through second fluid conduit 250, and third fluid 
conduit 260 can pre-heat a reactant stream passing through 
fourth fluid conduit 270 counter-current to the product 
stream flow, by heat transfer between the product stream and 
the reactant stream. The hot product stream passing from 
reforming catalyst bed 230 can also heat all or some of 
reforming catalyst bed 230 through the significant amount of 
wall surface of the second fluid conduit 250 contiguous with 
reforming catalyst bed 230. 
The reactor module embodiment depicted in FIG. 6, 

which comprise concentric, internal, countercurrent flow 
passages partitioned by second fluid conduit 250, third fluid 
conduit 260, and fourth fluid conduit 270, can provide 
relatively low temperatures at both ends of shell 200. Such 
a temperature profile can ease the welding requirements, and 
allow use of lower cost materials versus costly exotic alloys 
under certain operating pressure ranges. Thus, reactor mod 
ule 50 can be constructed of common stainless steel pipes 
and caps and fabricated by welding and other methods 
known in the art. Second fluid conduit 250, third fluid 
conduit 260, and fourth fluid conduit 270 can be constructed 
of common stainless steel pipes or tubes such as SS316, and 
fabricated by welding or other methods known in the art. 
These materials and methods of manufacturing can be 
utilized because of low pressure differentials across the 
walls of the above three conduits. 

Additionally, the relative cold reactant stream can be fed 
through fourth fluid conduit 270 without reducing the tem 
perature of reforming catalyst bed 230. This enables high 
efficiency internal heat recovery from a hot product stream 
to a cold reactant stream. Further, the internal heat transfer 
can alleviate the need for an external heat exchanger to cool 
a hot product stream and preheat a cold reactant stream 
thereby simplifying a steam reformer Such as, for example, 
a steam reformer of the present disclosure. 

FIG. 7 depicts another embodiment of a steam reformer of 
the present disclosure. In this embodiment, the shell may 
further comprise at least one deflector 300 disposed about 
the first end of conduit 40. Deflector 300 may also be 
interposed between radiant conduit 40 and reaction module 
SO. 

Without wishing to be bound by any particular theory, the 
temperature difference between a hot spot on the front wall 
of reaction module 50 facing the hot gases exiting conduit 40 
and the back side of the reaction module 50 can reach over 
100° C. This temperature difference can cause the reaction 
module to deform in the radial direction and make contact 
(with some force) with insulating member 60. This defor 
mation can change the flow behavior near the bottom of 
reaction module 50 (narrower gap between insulating mem 
ber 60 and reaction module 50), but also can damage 
insulating member 60 when temperature difference 
increases. In this embodiment, deflector 300 can block hot 
combustion gas 310 exiting conduit 40 from impinging onto 
reaction module 50 by reflecting hot gasses 320 and send 
more hot gas flow to the back of reaction module 50 along 
path 330, which may result in a lower front wall temperature 
of reaction module 50 and enhanced convective heat transfer 
on the back side of reaction module 50. 
The deflectors 300 may have any suitable size, shape 

and/or cross-sectional area to, for example, block hot com 
bustion gas exiting conduit 40 from impinging onto reaction 
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14 
module 50, and/or send more hot gas flow to the back of 
reaction module 50, and/or reduce the temperature differ 
ence about reaction module 50 so any radial deformation 
may be decreased. 

FIG. 8 depicts yet another embodiment of a steam 
reformer of the present disclosure. In this embodiment, 
insulating member 60 may further comprise at least one 
reflector 400 disposed about the first end of conduit 40. 
Reflector 400 may also be interposed between insulating 
member 60 and reaction module 50 and may be located at 
any position about insulating member 60. 

Without wishing to be bound by any particular theory, 
reflector 400 may reflect radiation energy to the back of 
reactor module 50 relative to conduit 40 resulting in a lower 
temperature difference between the front and back of reactor 
module 50 relative to conduit 40. This may also reduce any 
radial deformation at the bottom of reactor module 50. 
The reflector 400 may have any suitable size, shape and/or 

cross-sectional area to, for example, reflect radiation energy 
to the back of reactor module 50 relative to conduit 40 so 
that any radial deformation may be decreased. 

In some embodiments, reflector 400 and deflector 300 
may each independently comprise at least one high conduc 
tivity, high emissivity material each independently selected 
from a metal, a porcelain, a metal alloy, a glass, a ceramic, 
a silicon carbide, and combinations thereof as discussed 
above regarding conduit 40. In one embodiment, reflector 
400 comprises a silicon carbide. 

In some embodiments, deflector 300 and reflector 400 
may each independently comprise a high temperature alloy, 
and can be constructed by cutting, welding, casting, or any 
other method known in the art. Non-limiting examples of 
metal include tungsten, nickel, chromium, iron, aluminum, 
stainless steel, and mixtures or combinations thereof as 
discussed above regarding reactor module 50. Non-limiting 
examples of metal alloys include alloys comprising at least 
one of nickel, iron, cobalt, chromium, molybdenum, tung 
Sten, silicon, manganese, aluminum, carbon, and mixtures or 
combinations thereof as discussed above regarding reactor 
module 50. 

Other embodiments of the present disclosure will be 
apparent to those skilled in the art from consideration of the 
specification and practice of the concepts disclosed herein. 
It is intended that the specification and examples be con 
sidered as exemplary only, with a true scope and spirit of the 
present disclosure being indicated by the following claims. 
What is claimed is: 
1. A steam reformer for the production of a hydrogen 

reformate, comprising: 
a shell having a cavity, and a heat Source configured to 

heat a fluid; 
at least one radiant conduit member at least partially 

disposed within the cavity and comprising at least one 
thermally emissive material to provide a radiation 
emitting Surface within the cavity, the at least one 
radiant conduit member comprising a first end in fluid 
communication with the cavity, a second end in fluid 
communication with the heat Source, and a passage 
extending generally there through to guide the heated 
fluid from the heat source to the cavity; 

a plurality of reactor modules at least partially disposed 
within the cavity to receive heat supplied by the heated 
fluid, and spaced about the at least one radiant conduit 
member to receive radiant heat supplied by the at least 
one radiant conduit member, wherein each of the 
plurality of reactor modules is cylindrically shaped and 
includes a reforming catalyst bed; and 
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at least one insulating member disposed within the cavity 
Surrounding the plurality of reactor modules, wherein 
the insulating member defines semicircular shaped 
spaces conforming to the shape of the reactor modules 
and wherein the number of semicircular shaped spaces 
matches the number of the reactor modules; 

wherein heat is absorbed and radiated into the cavity by 
the at least one radiant conduit member when the 
heated fluid traverses the passage of the at least one 
radiant conduit member to the cavity. 

2. The steam reformer of claim 1, wherein the at least one 
thermally emissive material is selected from the group 
consisting of a metal, a porcelain, a metal alloy, a glass, a 
ceramic, a silicon carbide, and combinations thereof. 

3. The steam reformer of claim 2, wherein the at least one 
thermally emissive material is silicon carbide. 

4. The steam reformer of claim 1, wherein the reforming 
catalyst bed comprises at least one of a steam reforming 
catalyst, a pre-steam reforming catalyst, an oxidation cata 
lyst, a partial oxidation catalyst, and a water-gas-shift cata 
lyst. 

5. The steam reformer of claim 1, wherein the plurality of 
reactor modules each include at least one thermally emissive 
and radiant absorptive material selected from the group 
consisting of a metal, a metal alloy, a glass, a ceramic, a 
silicon carbide, and combinations thereof. 

6. The steam reformer of claim 1, wherein a first end of 
the shell includes a plurality of openings configured to 
receive the plurality of reactor modules. 

7. The steam reformer of claim 6, wherein a portion of 
each of the plurality of reactor modules disposed within the 
cavity freely hangs within the cavity. 

8. The steam reformer of claim 7, wherein each of the 
plurality of reactor modules is individually and removably 
attached to the first end of the shell. 

9. The steam reformer of claim 1, wherein the length of 
the at least one radiant conduit member is equal to or greater 
than the length of the reforming catalyst beds of the plurality 
of reactor modules. 
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10. The steam reformer of claim 1, wherein the length of 

the at least one radiant conduit member is equal to or less 
than the length of the reforming catalyst beds of the plurality 
of reactor modules. 

11. The steam reformer of claim 1, wherein the heat 
source is located at one of a first end of the shell and a 
second end of the shell. 

12. The steam reformer of claim 1, wherein the heated 
fluid for the at least one radiant conduit member and the 
plurality of reactor modules comprises a hot gas produced 
by at least one method selected from the group consisting of 
burning a fuel with air, converting electricity, focusing Solar 
beams, and combinations thereof. 

13. A method of producing a hydrogen reformate with the 
steam reformer of claim 1, comprising: 

heating a fluid with the heat source, 
communicating the heated fluid through the at least one 

radiant conduit member to the cavity to heat the plu 
rality of reactor modules, 

reforming at least a portion of a reactant stream in the 
plurality of reactor modules to a hydrogen reformate. 

14. The method of claim 13, further comprising the steps 
of: 

heating the at least one radiant conduit member, and 
radiating heat from the at least one conduit member to the 

plurality of reactor modules. 
15. A method of producing hydrogen reformate with the 

steam reformer of claim 1, comprising: 
heating the fluid with the heat source, 
heating the at least one radiant conduit member with the 

heated fluid, 
radiating heat from the at least one conduit member to the 

plurality of reactor modules, and 
reforming at least a portion of a reactant stream in the 

plurality of reactor modules to a hydrogen reformate. 
16. The method of claim 15, further comprising the steps 

of communicating the heated fluid through the at least one 
radiant conduit member to the cavity to heat the plurality of 
reactor modules. 


