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(57) Abstract: The present invention provides a modular nuclear reactor sys-
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FIG. 1A

and second passageways create a circulation loop wherein heated heat trans-
fer fluid circulates up from the reactor core, through the chimney, through an
upper plenum and downwardly past the heat exchanger, into a lower plenum
and back into the core.
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SLIMM-SCALABLE LIQUID METAL COOLED SMALL MODULAR REACTOR

RELATED APPLICATIONS

[O001] This application claims priority to and the benefit of the filing date of US
provisional application sorial number 61/913.097 filed December 6, 2013 and incorporated
herein for all purposes.

BACKGROUND OF THE INVENTION
0002} Small modolar nuclear reactors (SMRs) offer specific attnibutes that make them
atiractive for remwte and isolated communities with limited/seasonable access to fossil fuel
supplies, to conntries with simall electric grid capacity, and island nations with po ov limited
access to an electric grid. SMRs are also an attractive option {o electric utilities operating in
regions with modest growth in electricity demand andfor modest financial resources.
(00031 All or most components of SMRs, depending on the installed electrical power of
the plant, are buili in the factory. They are small enough to be shipped to the site by rail, truck
or on a barge. During nominal operation and after shutdown, SMRs ean be designed to
aperate fully or partially passive with ne or a fow circulation pumps and redundant means for
removing the decay heat generated in the reactor core after a routine or an emergency
shatdown. These reactors can also be designed with long operation fives of 310 years, or
aven longer, without refucting.
[0004] Small modular nuclear reactors can provide for up o 300 MWe of electricity. In
highly populated and industrial argas, the cost of electricity generation using SMRs may not
be comparable to, or lower than that of mediom ¢ 300 and < 1000 MW ) and targe (>1000
MW nuclear power plants.
0005} A typical large nuclear plant provides 1,000-1,300 MWe at a capital cost of S6B-
S10B and takes 3-6 vears to build. A SMR plamt with an installed capacity of ~300 MWe at
cost < 52B takes ~ 18 months o butld, A 10 MWe SMR plant may take only 6 months or less
to bring on line at a cost of ~380M. In addition to design simplicity and partial or fully
passive operation and safety features, an SMR vessel typically has fow penetrations, and
some have an n-vessel compact steamy generator or heat exchanger, Large muclear plants
typically require emergency planning zones of up to 10 miles in radius, while those for SMRs

are << 0.5 miles,
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{00061 SMRs are constructed and brought on line incrementally in future vears,
conunensurate with the increase in eleciricily demand. This avoids the financial obligations

agsociated with building a large plant, the need to develop a consortium of multiple utilities in
more than one state, the interest on g large loan ($6B-10B) for ~§ - 6 vears of the construction
time, and the lack of revenues during these years. SMRy offer simple designs with partial or
fully passive operation and safely features. During nominal operation and after shutdown,
SMRs ave safely cooled by natural convection or using a few circulation pumps. They also
have redundant and passive means for removing decay heat geaerated in the reactor core after
a routine or an emergency shutdown, They are designed to survive a loss of both onsite and
off-site power for weeks, withont compromising safety. SMRx may offer independent and
passive means for generating anxiliary power to support vital plant functions, in the unhikely
event of # Fukoshima-Dalichi type accident.

(00071 Many SMRs have thermal noutron spectra, but only a few are being developed
with fast neutron spectea. Those with thennal spectra have an operation oyele length between
refucting of 1-3 vears. By contrast, fast neutron specttum SMRs are smaller in size and may
operate for decades withoat refucling and effectively minor actinides. The light water
moderated and cooled SMRs with thermal spectra capitalize on the existing technology base
and long and successtul expenence operating large Light Water Reactors (LWRs) and use
fow fuel enrichment < 5%,

0008} These SMR designs offer a number of passive operation and safety featores.
Because of thelr thormal encrgy spectra, they minimally roduce minor actinides in used fuel,
which conld effective in fast specira reactors.

(00091 High temperature gas cooled HTG-SMRs with epithermal or fast neutron spectra
for barning minor actinides operating at exit teraperatores up to 1000-1200 K are considered
or actively being developed for a near term deployment. In addition to the high thermal
eificiency (»40%) for eleciricity generation, the HTG-SMR plants with g hybnd operation
provide for thermochemical production of hydrogen fuel and process heat for a muoliitude of
industrial uses. The HTG-SMR designs, which effectively burn actinides and utilize used fuel
from LWR plants, are well known.

[06010]  The sodium cooled SMRs with fast neutron speetra, are not only the smallest but
also effective in destroving nunor actinide during reactor operation. The ratio of fission to
capture cross sections s higher than iy reactors with thormal or epithenmal cngrgy speetra.

Owing to the low vapor pressure of sodium coolant, SMRs operate at relabively high exit
2
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temperatures (< 850 K), plant thermal efficiency close o 40%, and below atmospheric
pressure. By contrast, light waler SMRs operating al high pressures of 3-15 MPa, require g
masstve reactor vessel and operate at a lower plant thermal efficiency of 30 to 33%. The
potential of other lquid metals {molien lead or lead-bismuth) cooled and molten sali cooled
SMRx are also being investigated.

BRIEF SUMMARY OF THE INVENTION
[00011]  In one embodiment, the presest mvention is directed toward @ sodium-cooled,
small modular reactor capable of generating tens of MWih and has a long operation hife
without refueling. The reactor of the present invention inclades an in-vessel coiled tube
Na/Na heat exchanger (HEX) and two redundant control/shutdown systems. B may be
fabricated, assembled and sealed at the fuctory and shipped 0 the site by rail, a heavy truck
or on a barge. It is installed below ground to alleviate a missile or a spacecraft impact and
mouwted onto seismic msulators to withstand Earthquakes.
(002121 In another embodiment, the present invention uses natural circulation of liquid
sodium with the aid of in-vessel helivally cotled tubes, Na'Na HEX, and a chinmey to cool
the fast nesfron spectrn of the reactor during nominal operation and affer shutdown. The
design uses a foel rod cladding, core structure and fuel materials, operates below 820 K and
has two redundant control and emergency shutdown systems. I operates folly passive, except
for the control drives, uses rods of UN fuel with carichment less than 18% in the driver core,
and has radial and axial blankets of depleted UN {DUN). Other embodiments may use a Be)
refloctor blanket to reduce or lower fucl carichment, The high heavy metal atom ratio of UN
increases the operation cyele fength without refoehng. The UN has good retention of fission
gasses and its high thermal conductivity tvpically keeps the temperatures of the UN fuel in
the reactor core below 1400 K. These inherent characteristics minimize or eliminate concerns
of fuel swelling and fission gas release and enhance salety and foel performance for & long
operation fife of the reactor.
[G0G13]  In vet another embodiment, the reactor core has two redundant control systems
with separate drives, one for safety shutdown and the other controls the meactor eperation.
Each system is capable of shutiing down the reactor in case of an emergency. Both salety

shutdown systems may consist of enriched B4C control rods, with BeO followers.
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
[00014]  In the drawings, which are not necessarily drawn to scale, like numerals may
describe substantially similar components throughout the several views. Like numerals
having different letter suffixes may represent different instances of substantially similar
components. The drawings llustrate generally, by way of example, but not by way of
hmitation, & detailed description of certain embodimenis discussed in the present document,
[00015]  Figures 1A and 1B are radial cross-sectional views of a reactor core nsed in an
embodiment of the present invention taken across section Hne B-B in Figure 4.

[00016]  Figures 2A and 2B show cross-sections of @ ceniral safety shutdown assembly for
an embodiment of the present invention with Figure 2A taken at line B-B of Figure 28 and
Figure 2B taken across seotion hne A-A of Figure 2A.

[0G017]  Figures 3A and 38 show cross-sectional views of a fuel rod used In an
embodiment of the present invention with Figwee 3A taken across section line A-A ol Figure
38 and Figure 3B taken across section line B-B of Figure 3A.

[0001%]  Figure 4 is a longitudinal oross-section of a reactor for an embodiment of the
present invention,

[00019]  Figure 5 s a chart iHlustrating the operation surface of the reactor parameters with
Higuid sodinm natural crcudation for some embodiments of the present invention,

[00020] Figure 6 is g cross-sectional view showing an embodiment of the presesnt
invention installed in a retaining system.

[00021]  Figure 7 s a pic section of a reactor for an embodiment of the present invention.
(00022]  Figure § 1z chart iHustrating reactor core nomisal power densities for some
embodiments of the present invention.

[00023]  Figures 9-10 are radial cross-sectional views of reactor coves used in other
etabodiments of the present invention.

[00024]  Figure 11 is g chart illustrating the effect of chimney height on reactor power for
some embodiments of the present invention.

[00023]  Figure 12 1s chart illustrating the effect of UN fuel envichment on excess reactivity
and shaidown margin for some embodiments of the present mvention.

[00026]  Figures 13A and 138 are charts illustrating the effect of follower red materials in
control systems on reactivity and cold-clean shutdown margin for some embodiments of the

present invention.
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[00027]  Figure 14 is a chart illastrating the effect of the material of radial blanket comer
assemblies on hot-clean reactivity and cold-clean reactivity shuidown margins for some
enthodinments of the present invention.
[00028]  Figure 13 15 a chart tHustrating core barrel HT-9 steel regctivity worth for some
embodiments of the present invention.
[00029]  Figure 16 1s a chart illustrating the effect of BeQ) shrouds on the fuel assemblies in
a reactor driver core for some embodiments of the present invention.
[00030]  Figures 17A and 178 are charts tlustraling nentron energy spectra in a reactor
core for some embodiments of the present invention.
[00031]  Figure ¥ is a chart illustrating reactor operation life estimates for some
emboediments of the present invention,

DETAILED DESCRIPTION OF THE INVENTION
[00032]  Detailed embodiments of the present mvention are disclosed herein; however, it is
o be understood that the disclosed embodiments are merely exemplary of the mvention,
which may be embodied in various forms. Therefore, specific stractural snd functional details
diselosed herein are not to be interpreted as limiting, but merely as a representative basis for
teaching one skilled in the ant o variously employ the presend invention in virtually any
appropriately detarted method, strocture or system. Further, the terms and phrases used herein
are not intended to be lhmiting, but rather to provide an understandable description of the
inverdion.
[O00033]  The reactor design of the prescnt mvention takes advantage of the high heavy
metal atom ratio, high melting point and high thermal conductivity of UN fuel and uses HT-9
steel for cladding, reactor vessel and core structure. It may be fabricated, assembled and
sealed oflsite such as m oa factory, shipped to the construction site by rail, heavy truck or
harge and installed below ground on seismic insulators, Natweal cireulaion of Hauid sodiam
cools the reactor core during nominal operation and after shutdown using in-vessel helically
coiled tubes such as a Na/Na heat exchanger (HEX). In other embodiments, other known heat
exchangers may be used as well It also estimates the operation life of the reactor in full
power mode (100 MWth) of six years and as mnch as 34 vears at 20 MWith,
[00034]  The reactor of the present invention operates fully passive, except for the control
drives, ases UN fuel with enrichment <18% in the driver core with radial and axial blankeis
of either depleted urapmum nitride (DUN) or BeO, The high thermal conductivity of 1IN

decreases fuel temperptures during nominal operation below 1400 K, depending on the
§
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resctor thermal power. At such temperatwes, fhel swedling and fission gas release are non-
issues. In addilion to its compatibility with the HT-9 and hiquid sodium, UN has a higher
volumetric heat capacity than U0, and U-metal fuels for enhanced safety.

[08033] In addition to the high heavy metal ratio for long operational life of the reactor,
the UN high thermal conductivity, ~ 10 times that of U0, decreases the maxinum UN fuel
temperature during nomingl reactor operation. The UN fuel is compatible with the HT-9
cladding and with sodium coolant at the operation temperatores of the reactor (<C820 K).
[00036]  As shown in Figures 1A and 1B, reactor 100 may include an outer vessel 101
comprised of outer wall 102 and inmer vessel wall 104 which s a spaced distance from outer
wall 102 to form gap 106 which may be filled with argon. A plurality of heat pipes, 103A-
3D and 107A-107D, may be configured o provide variable conductance, arve located in
walls 102 and 104, While pipes 103A-103D and 107A-107D are designated, one or muore
pipes may be used in accordance with the preferred embodiments of the present wvention,
Core wall or barrel 108 is spaced inwardly from nner wall 104 to form another gap 110
which may be filled with a cooling mednun.

(000371 As further shown in Figures 1A and 1B, reactor 100 contains a plurality of fuel
rods 1-36. In a preferred embodiment, thirty six UN fuel rods are bundied 1 the reactor core
in hexagonal assemblies with scalloped BeO shrowds. The UN fuel assemblies may be
tocated in three concendric rings; UN fuel assembles 1-6 make np the first ring, UN fued
assemblies 7-18 make up the second ring and UN fuel assemblies 19-36 make up the thind
ring as shown i Figure 1 One or more fuel asserablies may include control rods which may
he ByO/BeO followers. The control rods may be located in the center of the assembly where
rod SO s focated as shown by the exemplary controt rods 180 and 181 in Figure 1AL

[00038]  Fuel assomblies 1-36 may be retained by hexagonal corner assemblies 120-123
which may be made of steel or BeO rods. A hexagonal cladding way also be ased. Also
surrounding and retaining the fuel assomblies are blanket assemblies 130-147 which may be
conprised of rods containing depleted (DUN) fuel or BeO pellets. As further shown n Figure
i, the core may include a hexagonal shutdown drive 190 which is located at the center of the
SO

(00039 PFigures 2A and 2B show the design of fuel assembly 200 wsed with an

embodiment of the present invention which may be used to constroct the fuel assemblies 1236
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deseribed above. In addition, the general structural arrangement of assembly 200 may be used
with the other assemblies of the present invention such as assemblies 120-125 and 130147,
[06040]  As shown in Figures 2A and 2B, assembly 200 may be loaded with UN fael rods
S0-86 which are retained by wall 202 which may be a BeO wall that includes scallops 204,
Scallops 204 are configured to provide equal flow area per rod, including the edge and corner
reds. Each fuel road may be surrounded with HT-9 steel cladding 206, The fuel rods may be
2.357 em in diameter and arranged in a triangolar laitice with a Pitch-lo-Dhameter (P/d) ratio
of 1.2. The low parasitic ncutron absorption in Be), compared to HT-9 steel and the
beryitium's neutrons moderation and prodaction by the (n.2n) and {g.n) reactions merease the
hot-clean reactivity of reactor 106, This increases the refueling cycle estimated to be more
than 6 and 34 years at 100MWy,. and 20MWy,. respectively.

[00041]  The fuel rods have an upper gas plenum 210 section for accommeodating released
fission gasses, sections of axial blankets of depleted (DUN} or BeO pellets 212 and 216, and
fuel section 214, As shown in Figures 3A and 3B, fuel rod 300 comprises fuel pellet 302
surrounded by an annular sodium-filled radial gap 230, which, in turn 15 surrounded by wall
206, which may be a HT-9 cladding.

(000421 As shown s Figure 1, reactor 100 includes a fourth ring that may be comprised of
DUN assemblies 130-147. Each DUN assembly may have HT-9 scalloped walls that serve
cladding for the DUN rods. The ring alse encompasses corner assemblies 120-125 which may
be foaded with HT-9 steel rods and HT-9 shrowds or cladding with sealloped walls, As also
shown, core barrel 108 inclades HT-9 steel wedges 170 which retain the assemblies. The
wedges also reflect neutrons feaking out of the core.

[00043]  As deseribed shove, using hexagon assemablies allows for the creation of rings of
assemblies that may be interlocked together. In a preferred embeodiment, each assembly uses
the same hexagonal frame or housing which allows for the assemblies {0 be mated together
into hexagonal rings or units, For example, assemblies 1-6 form a first hexagonallv-shaped
ring sround assembly 190, Assemblies 7-1¥, in tum, form a second hexagonallyv-shaped ring
arowmrd assemblies 1-6. Assemblies 19-36, in turn, form a third hexagonally-shaped ring
arcurd  assemblies 7-180 Assomblies 120-125 and 130-147, in twn, form a fourth
hexagonaliv-shaped ring around assemblies 19-36, Lastly, a refaining wall 108 having
wedges 170 locks the assemblies together,

[00044]  As shown in Figure 4, the primary and guard vessels of reactor 100 are made of

two sections 400 and 402, Lower section 400 houses core 410, control drives 412-413, and
7
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safety shutdown deive 415, Upper section 402 houses chimmey 420 and the n-vessel,
helically coiled tubes 422, which may be a Na/Na HEX. The heights of chimney 420, HEX
422, and upper section 402 depend on the reactor thermal power, The walls of the primary
and guard vessels are only a few inches thick. The vessels are cach capable of fully
containing the reactor core, liguid sodium and in-vessel components.

[00045]  Figure 4 also shows other components of reactor 108; they are upper plenum 428,
fower plenum 429, and chamber 430 which i3 located below vessel head 432, Chamber 430
muy be filled with argon gas. Chamber 430 may also be adapted to permit the Argon gas o
be replaced with Hgaid sodiwm to inereases the gap conductance thereby enhancing removal
of decay heat from the reactor core,

[00046]  Alse shown is the placement of Na/Na HEX 422 and the natural eircudation paths
of heated Hquid sodivm. The paths are indicated by arrows 440-443 and cooled liguid sodium
is indicated by arrows 450-455.

{00047 The mternal pressure i the reactor vessel v kept shightly below atmospheric,
owing to the low vapor pressure of the sodinm. Thus, the steel reactor vessel wall is only a
few nches thick. In & preferved embodiment, the pressare of the argon cover gas is slightly
below atmiospheric and the total pressure at the bottom of the reactor vessel is less than 2.0
MPa, depending on the chimney height.

[00048]  In-vessel natural circulation of Hgnid sodium cools the meactor core during
nominal operation and after shutdown, with the aid of chimney 420 and in-vessel HEX 422,
The difference between the static pressure head of sodium in downcomer 466 and the sum of
those in the core and the chimney drives the natural circulation of Bguid sodium through the
core. The circulating hguid sodivm removes and transports the fission or the decay heat
generated in the core to HEX 422 near the top of dewncomer 466, The cooled sodinm fows
downward to lower plenum 429 before entering the reactor core to repeat the ovele.

[00049]  In another embodiment using the same core design and having sn inlet
temperatire of Heguid sodium at the core of about 610 K, increasing the chimmey height
imcreases the nominal thermal power of the reactor and the tempersture of Hquid sodium
exiting the core, which remains < 8§20 K. At these temperatures, corrosion of HT-9 for the
fuel rods cladding and vore structure by liguid sodium ix negligible. In another embodiment,
the sodiwm vapor pressure at s exit temperature from the core duning neminal reactor
aperation is very low gt about 1.6 kPa. This provides a large safety and operation margin to

hothing incipience.
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[00050]  Leak and radiation detectors are also placed in the gap between the inper and outer
vessels for monitoring reactor operation. Hach vessel is capable of containing the reactor core
and the internal stracture and components.

[00051]  As indicated earlier, NaNa HEX 422 removes the reactor thermal power during
nonsnal operation and the decay heat after shutdown. The heat removed from the circulating
Hguid sodium in the reactor vessel is fransported to one or more steam generators {not shown)
in a superheated steam Rankine eyele that produces electricity at a plant thermal efficiency of
up to 40% or even higher. Nominal clectrical power and the thermal efficiency of the reactor
plant depend on the operating reactor thermal power and the temperatare of the hquid sodnam
coclant exiting the reactor core as shown in Figure 3

[00052]  Figure S presents an example of a performance surface of the reactor with a Na/Na
HEX comprised of ten concentric helically coiled tubes (4.5 em OD). The performance
surface is g grid of curves of the flow rate of hquid sodium versus s exit temperature in the
core for different chimmey berghts and intersecting curves of the reactor thermal power. The
results are from the solution of the coupled overgll momentum and energy balance equations
for the hquid sodiam How in the reactor vessel by natural cireulation.

[O0053]  The solution assumes a constant sedium infet temperature into the core of 610 K,
which may be varied to change the temperatire rise in the core. The pressure losses in the
momentum balance equation include those i the core, chimmey, Na/Na HEX and the rest of
the downcomer. They also account for the changes in the Qow area in the various regions,
The highest-pressure losses are those caleulated in the reactor core followed by those in the
helically cotled tube Na/Na HEX and then the chimney. For a reactor power of 10 MWy, the
temperature of Hiqud sodium exiting the core decreases from ~ 667 to only 655 K as the
chinmey height increases from 2 to 8 m. For a reactor power of 100 MWy, a chimney that is
at least 6 m tall keeps the temperature of the sodiom exiting the core at or below 820 K. This
temperature decreases 1o 809 K when the chimney height inereases to & m. At these
temperatures, sodium corrosion of the HT-Y cladding, cove structore and reactor vessel is
negligible.

[00054]  Figure 6 shows a contanument system that may be nsed with some embodiments
of the present invention. As shown, reactor 900 is contained in silo or housing 902 which
may be made of concrete and contigurad to retain the reactor below ground level 903, Vessel

head 904 may be located above ground level inside a contamment dome 906 having a steel

9
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Hiner 908, A stacks 920A and 920B include hot air exhaust duct 921 and cold air intake
dact 922 which are separsied by insulating divider 923, A plurality of selsmic oscillation
bearings 940 and 942 may alse be used to secure the reactor,

[000S5]  Figure 7 shows another embodiment of a reactor and containment system of the
present invention. Az shown in cross-section, the components of thix embodiment of the
present invention may arranged from mside fo outside as follows: reactor core 500, steel
wedging 502, core barrel 504, downcomer 506, reactor inner vessel 308, reactor guard 510,
reactor outer vessel 312, steel liner 514, thenmal insulation 316, cold air intact duct 518, cold
air intake duet wall 320, hot air exhaust duct S21 and stlo or housing 522, As 1¢ also shown, a
plurality of fins 530-331, spreader water heat pipes 540-341 and variable conductance pipes
S30-351 may also be provided to merease the heat transior efficiency of the reactor,

[06056]  As described above, during nominal seactor operation and after shutdown, bquid
sodium continues to How by natural circulation through the core and the chimney and
downward in the downcomer separating the core bareel from the reactor vessel. The low
thermal conduetivity of the inert argon gas that fills gap or chamber 430 of the embodiment
shown 1n Figure 4 between the regctor’s primary and the guard vessels reduces side head
tosses daring nominal reactor operation. In addition, chamber 430 may have highly reflective
facing walls, which fiether decrease heat losses. The installed detectors in this gap mouitor
the reactor during nomingd operation and detect any sodium leak through the primary vessel
wall.

[O0057]  To further reduce heat losses, the reactor may inchude an above ground vent an the
outside surface of the goard vessel which remains shut, The vent may be configured to open
oanly intermittently when the air heats up and expands against the weight of the vent cover,
[00038]  The variable conductance, liguid metal heat pipes 130A-130D in the reactor vessel
wall may be configured to capture some of the side heat losses, both during reactor operation
other uses. There, if may be partially converted to eleciricily using static modules comprised
of sepmented TE eloments, The modules may be made of a number of parsliel sirings of TE
elements for redundancy and avoidance of 8 single powt fatlure. The TE modules generate
kilowatis of electrical power at relatively high voltage of ~ 200 - 400 VDC. They serve as an
anxiliary power souree tor operating oritical functions of the plant, particularly in the unlikely
event of a loss of both onsite and offdie power. The waste heat removed from the cold side of

the TE modules by natural circulation of ambieat air. This passive design feature not only
10
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enhances reactor and power plant safely, but also increases the tolal thermal power atilization
for the plant,

[06059]  In yet another preferred embodiment, the reactor is modular and fabricated, fully
inspected and assembled and sealed at an offsiie location sach as a factory, enhancing the
quality assurance and reliability of the reactor. It may be shipped to the site by a truck, rail or
on a barge, with the coolant frozen prior 1o shipping so as to prevent coolant from moving
daring transport. Th reactor may be installed below grade and brought on line within a shori
time < 12 months, depending on the nominal reactor thermal power, At the end of is
operational hfe, which may be several years to decades, the reactor units may be replaced
with new ones, in a relatively short pentod of time, which may be as little as dayvs. The used
units may then be shipped back fo the vender for fuel reprocessing in a safe and secure
facility, thus eliminating proliferation concerns.

[00060]  The reactor design of the present invention takes advantages of the high heavy

metal atom ratio, high melting point and high thermal conductivity of UN fuel and uses

stainless steid for the fuel rod cladding and the reactor core structure and a steel vessel, As a
result of the modualarity, with the sane reactor core design, materials and dimnensions, the

nominal thermal power of the reactor increases simply by ncreasing the height of the
chimmey up to § m, while keeping the temperature of liquid sodiam coolant entering the core
the same temperature of about 610 K. The increased chimmney height increases the circulation
rate of hgquid sodinm through the core as well as Hs exit temperature. The exit temperatore
generatly romains below 820 K to maintain 8 noghigible comosion rate of the HT-9 steel
components such as the cladding of the UN fnel rods and core structure materials. The low
veactor thermal power density increases its operation life and together with the high thermal
condactivity of UN fuel, decreases s femperature during nominal reactor operation, Such
fow temperature results in negligible fhael swelling and fission gas release, consistent with the
tong operation life of the reactor withouot refueling.

[00061]  In additional embodiments of the present Invention, the reactor core has a negative
temperature reactivity feedback that helps passive shut down in case of a large temperature
rise. The reactor operation 1s monitored using two redundant systems, each with separate
drivers; the safety shutdown (190 m Figure 1 and 415 in Figure 4) and reactor control
systems (i%«{? and 181 in Figure 1 and 412 and 413 m Figore 4). Bach of these svsiems is

capable of shutting down the mactor i case of an cmergency. As shown in Figure 1, the

&
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safety shutdown system comsists of a single hexagonal assembly 190 of enriched BaC rods
with BeQ followers. This assembly may be located at the center of the reactor core,

[00062]  Reactor control systems IR0 and (81 include enriched B4C rods with BeO
followers which may be located in the fuel assemblics described above, In a preferred
embodiment, the rods are inserted at the center of fuel rod assemblies which may be w place
of rod 50 that is shown in Figure 2A. 1o another preferred embodiment, enriched By(C rods
with BeQ [ollowers are located in assemblics 1-6 and iy assemblies R-10, 12-14, and 1618 of
Frgure 2A. The enriched B4C rods with Be() followers, which are of the same diameter as the
UN fuel rods, are used to start up and shotdown the reactor and to adjust reactivity doring
nommnal operation. When fully inserted mto the core, the rods may salely shutdown the
reactor, independent of safety shutdown assembly 190, Similarly, in case of an emergency,
salety control assembly 190, when fully inserled, safely shuls down the reactor, frrespective
of the reactor control system deseribed above. At startup, the BaC rods in central control
assembly are fully withdrawn from the core, with the BeQ follower rods in the cenfer cavity
of the core. The reactor is brought to criticality by incrementally withdrawing the B4U rods al
the center of the fuel rod assemblies in the first sing by assemblics 1-6 and i the seeond ring
of the reaclor cove by assemblies 8-10, 12-14, and 16-18.

[O0063]  After a reactor shutdown, the cotled tube NaiNa heat exchanger confinnes o
remove the decay heat generdied in the reactor core, and some of the sensible heat of the
Hgud sodivm in the reactor vessel, decreasing ils temperature with time after shwtdown. The
farge mass of hiquid sodinm iy the reactor vessel serves as a huge beat sink, enhancing safety
by limiting the initial increase in i3 temperature shortly afier reactor shutdown. In a preferred
embodiment, the liquid sodium mass increases with the height of the chimney, from 18 MT
to 38 MT as the chimney height increases from 2 m lo 8§ m as shown in Figwre 8. During
nominal operation, the average power density in UN fuel of the driver core increases from
~1L8 to 17.6 MWg/MT as the reactor thermal power increases from 10 to 100 MWy, as
shown in Figure 8. For the same reactor powers, the core’s average powser density increases
from § };,gjwﬂ.};m?’ to 79 Ex«'{\’\"'ih;’m;g, respectively. These power densities deerease ahout orders
of magnitude immediately atter reactor shutdown. In case of an unlikely malfunction of the
m-vessel NalNa HEX, the reactor shats down and natural circulation of ambient air removes
the decay heat with the aild of the variable conductance heat pipes along the walls of the
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primary and secondary vessels. With a functioning Na/Na HEX natural circulation of air is
suppressed by keeping the above ground venl of the hot air riser on the ouniside of the guard
vessel shut. It opens internnttently as the air in the riser heats up and expands against the
weight of the vent cover,

[00064]  In the unlikely event of & malfunction, the two redundant control systems may be
used to shut down the reactor using cither system or both systems. In addition, the reactor
core negative temperature reactivity feedback Hmits potential power increase and help reactor
shutdown. The decay heat generated in the reactor core after shutdewn is removed safely and
passtvely by a backup system of nataral cireulation of ambient air on the outside of the guard
vessel wall, Replacing the argon gas m the small gap between the reactor vessel and the
gnard vessel with Hguid sodium increases the gap conductance, thus enhancing the decay heat
removal from the reactor core. Inttially, the decay heat i3 partially stored in the large sodium
mass within the regotor vessel It 1s also transferred by conduction from the reactor vessel to
the guard wvessel wall, which has longitudinal metal fins, where removed by natural
circulation of ambient air,

[00063]  In addition, within a few days afier shutdown, depending on the reactor nounal
power before shutdown, natural circulation of air alone 15 capable of removing all the decay
heat generated in the core and some of the sensible heat stored earber by the liquid sodium
the vessel, gradually lowering its tomperatore, The maximum temperature of liquid sodium in
the vessel alter reactor shutdown remains below its boiling point. The decay heat removal
from the reactor guard vessel is atded by the amay of variable conductance heat pipes 1034A-
103D located in the reactor vessel wall as shown in Figure 1. Other heal removal means
include longttudinal metal fins 530-331 and heat pipes spreaders 540-541 along the outer
surface of goard vesset 310 as shown i Figure 7. The vanable conductance heat pipes may
also be used 1o recover the heat losses from the reactor vessel and transport it o
thermoelectric modules in the reactor containment. These modules partially convert the
thermal encrgy transported by the heat pipe to electricity for operating instramentation and
comtred council and providing auxiliary power in case of an offssite and on-site loss of power.
[00066]  Owing to the negative temperature reactivity feedback of the reactor core, the
plant is inherently load following. Thus, it accommodates a change in the load demand, ax a
percentage of the nominal reactor power without aetive control. fn addition to the enhanced

reliability, this design feature increases the plant’s availability or capagity factor. Table }
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below lists the primary features of some embodiments of the reactor of the present nvention
and power plant performance,

TABLE L Destgn and Operation Features of SLIMM Reactor and Plant.

Parameter Preliminary Estimate / Comments

Rx Power (MWth) <150

Elec. Power (MW} 3- 60

Fabrication& Assembly In factory

Transportation By Truck, Ral or Barge with coolant frozen

Modalarity Same Rx core design &variable chimney and Rx vessel height

Coolant Liguid Sodiom

Na Inlet/Exit Temp. (K) 610/ < R24

Rx Cooling Na Natural circulation

Decay heat removal Primary: Na natwral circolation and w-vessel Na/Ng HEX
Backup: Ambient alr patural circulation

Const. Time {(Mons) 618

Reactor Conirol Safely shutdown: Ceniral B4O assembly
Rx Contrel: 15 B4C central rods in fuel assemblies

Additional Ceooling Variable conduciance liquid metal heat pipes in Bx vessel and
water heat pipes i guard vessel

Auxihary Power Redundant TE modules with variable conductance heat pipes
{>60%): Electrical power, space heating, auxibiary power, heat for

Energy Utilization industrial uses and seawater desalination

Fuel Material UN, < 18% Enrichment

Fuel Rods Cladding & HT-9 steed

Core Structure

Plant Cooling Water or dry Air

[00067]  The rate of decay heat gencration n core ab shutdown may vary from — 8% to
1% of the reactor’s nominal power before shatdown. After reactor shutdown, the rate of heat
removal by natural cireulation of ambient air from the outer surface of the guard vessel wall
would imitially be lower than that of the decay heat generation in the core. The difference
would be partially stored in the large sodinm mass in the primary vessel (Table I} and
partially removed by heat pipes to TE energy conversion modules of the auxiliary power
systemt. Thus, the peak temperature of higuid sodium in the primary vessel after reactor
shutdown would remain well below its botting point (~ 1156 K) by an acceptable margin,

[06068]  Another feature of some embodiments of the present invention is that the hot air
riser on the outside of the guard veossel wall bas a long chimney te enhance its circulation by
natural convection, The hot air riser is insulated from the intake duct to minimize beat losses
to incoming cold air and maximize the driving pressare for natural circulation. Within a few
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days after shutdown, natoral circolation of ambient air along the swrface of the goard vessel
would remove not only the decay heat generated in the core, but also some of the sensible
heat stored earlicr i the hguid sodiam w the primary vessel, The temperatures of the in-
vessel hguid sodiom and the reactor’s primary and guard vessel walls would then decrease
gradually with time. This fully passive backup system for removing the decay heat from the
core enhances reactor safety,

[00069]  Figure 1 shows a core design with a UN fuel enrichment of 17.65%. In an
alternate embodiment, as shown in Figure 9, a core 700 with a UN fuel enrichment of 16.95%
or fess may be provided. The design is similar to the other cores described above except that
the thirty six fuel assemblies are encircled by a ring 704 of DUN blanket assemblics. Blanket
assemblies 704 may use the designs deseribed above, As will be noticed, the prior steel
corners are replaced by partial hexagonal DUN assemblies to fully blanket the fuel
assemblics, In yet another alternate embodiment, as shown in Figure 10, a core 800 with a
UN fuel enrchment of 15.70% may be provided. The design 1s similar to coves described
above except that the thirty six toel assemblies sre encircled by a ring 804 of BeQ blanket
assemblies which may sse the designs described above. As will be noticed, the prior steel
corners are replaced by partial hexagonal BeQ) asscmblies o fully blanket the fuel assembhes.
(O0070]  Neuotronie analyses of the reactor was onderfaken using the Monte Carlo seutron
transport code MONPS. The performed entticality calculations withowt reaction rate tallies
used 20,000 source particles per history and 50 skipped and 9,00 active histories. Those
performed with reaction rate tallics used 20,000 source particles per history and 50 skipped
and 5,000 active histories. The caleulations of the cold-clean reactivity assume uniform
temperature of 400 K throughout the reactor core. Those of the hot-clean reactivity are at the
calcolated temperatures in the various regions of the reactor core such as the UN fued pellots,
HT-9 cladding, Bguid Na and the core Be(d and HT-9 structures, The temperatures vary with
the nominal power of the reactor (10-100 MWy,

[00071]  The performed neutronic analyses investigated the effects of using different
materials for the follower rods 1y the two contrel systems of the reactor on the cold- and hot-
clean reactivity and the reactivily shutdown margin, Varied is ihe material (BeO, HT-9 and
DU of the followers for the BgC rods in the contral assenbly for smergeney shutdown and
in the fifteen B4C reds o the reactor control system. Also investigated were the effects of

wsing HT-9 and DUN comer assemblies in the radial blanketl, which was described above as
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Jhoooo . . L ‘ ) ,
the 47 ring in the core both on the clean reactivity and the shutdown margin as well as the
reactivity worth of the thickness of the HT-9 core barvel wall up to 20 om.

[00072]  To avoid distorting the neutrons flux profile in the core and remove the tally

dependence on Kegp the calenlations of the neutron reaction wale and fux tallies were
performed with the reactor core critical and af hot condition (kggy = 1) The neutron energy

spectrum i the eritical hot-clean core was alse detormined. In the caloulations of the neutron
energy spectram, the fuel compaostiion and power production in the UN fuel bundles in each
of the three rings of the driver core were tracked independently using MONPX version 2.7.0
code. This code also tracked the tuel depletion in the core throughout the reactor’s operation
hife, when fully depleting the hot-clean excess reactivity. The calculations were repeated at
resctor nominal thermal powers of 104100 MWy, and oritical (kg7 1.0) hot conditions.

[0G073]  The base design parameters for the reactor included a chimney beight of 8 m, UN
fuel enrichment of 17.63%, HT-% core barrel wall-thickness of 10 cm, and DUN radial

blanket with HT-9 steel corner assemblies. In addition, the B4l rods in the central assembly

for safety shutdown and in the fued assemblies n the ! st and 2 nd rings of the driver core have
BeQ followers as discussed above, The neutronie calenlations of reactor vared one base
design parameter at a time.

[00074]  As indicated earlier, for the natural civenlation cooled reactor at a given nominal
thermal power and sodinm indet temperature to the core of 610 K, increasing the in-vessel
chimnpey beight increases the liquid sodiom How rate through the core and decreases its exil
temperature as shown in Figure 11 A decrease in sodium exit temperature increases the hot-
clean oxcess reactivity that, in turn, increases the operation cycle length of the reactor,
without refueling. Such an effect increases ay the thermal power of the reactor increases as
Figure 1 also shows,

[OOO73]  Figure 12 compares the calculated hot and cold clean excess veactivity of the
reactor with different matertals of the fellowers to the B4C rods in the reactor’s emergency
shutdown and control systems. Also calenlated in each case is the reactivity shutdown margin
ai cold-clean condition. The results shown in Figure 12 of the hot-clean reactivity are for the
reactor's thermal powers of 20 and 100 MWy, and the comresponding temperatares of the

cove structure, bguid Na and UN fuel with an 8 m chimney height
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[00076]  The temperatures, calculated separately. are used to adjust densities of the UN fuel
and core structure materials, core dimensions and neuron cross-sections, including resonance
broadening, in the neutronte and fuel depletion analyses and lifetime estunates. The height of
the reactor core moreases when hot and as well as the dimmeters of the fuel rods and the
dimensions of the core and the BeQ and HT-9 shrouds for the core assemblies. In addition,
the density of the liguid Na in the reactor vessel decrcases and s total volume increases,
Increasing the UN fuel enrichment from 17.25% to 17.65% increases the cold-clean excess

reactivity but reduces the reactivity shuidown margin. This margin varies from -33 to -§2.5 at
a foel enrichiment of 17.25% to -$1.75 1o -31.6 at shightly higher ennichment of 17.63% in the

base design of the reactor core. These reactivity marging are more than sufficient to safely

0%

shutdown the reactor using the BgC rods with BeO lollowers of either the emergency
shuidown assembly or the contro rods deseribed above,
[00077]  Figure 12 also shows that for the same cold-clean excess reactivity, the hot-ckean
reactivity for the reactor at a nominal operating power of 20 MWy, is ~ §1.0 higher than at a
higher nominal power of 100 MWy, This is because the operating temperstures for the
former are lower, Based on the results dehineated 1 Figure 12, the base case reactor design
with LN fuel ervichment of 17.65% provides the largest hot-clean reactivity and maintains a
sufficient reactivity shut down margin,
[00078]  Figure 13A and 138 present the results of changing the material of the followers
to the B4C rods in the central assembly for emergency shutdown and o the tilieen BgC rods
for nominal reactor control, respectively, The resulls in Figare 13A and 13B include the
values of the cold- and hot-clean reactivity and the cold-clean reactivity shutdown margin for
the reactor. Figure 13A is [or the reactor base design, except for changing the matenial of the
follower to the B4 rods in the central assembly. In the base design. the material of the
follower fo the B4C rods in both the reactor control and emergency shutdown systems is
BeQ. Results in these figures show that the reactor base design bas the highest cold- and hot-
clean reactivity and the smaller reactivity shutdown, which still is ~ -$1.45 In Figure 13A
and-$ 1.4 in Figore 13B. The malerials of the follower rods investigated are depleted LN
{DUN), HT-9 steel, and BeQ. Also presented for reference are the resulis with no follower
rods. This case gives the sccond higher cold- and hot-clean reactivity and a shuatdown
reactivity margin of - $2.6 in Figure13A and ~ -8 115 in Figure 138 The HT-9 follower rods

shghtly decrease the cold and hot-clean reactivity snd increase the reactivity shutdown
17
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margin, The DUN followers result in the lowest cold- and hot-clean reactivity and the largest
reactivity shutdown margin, compared to no followers and HT-9 and BeO followers,

[06079]  For the embodiment concerning a base design of the reacior, which provides HI-9
steel corner assemblies 120-125 in the radial blanket, Figure 14 presents the results of the
effect of replacing these with DUN assemblies. As Figure 14 shows, the HT-9 steel corner
assemblies shightly mcrease the cold- and hot- clean reactivity. They decrease shightly the
cold-clean reactivity shutdown margin for each of the reactor. However, with sufficient
shutdown margin {~ - $1.0) for safe operation, the slightly higher excess reactivity associated
with having HT-9 cormner assemblies i the radial blanket 18 desirable for increasing the
operation {ife of the reactor.

[00080]  The HT-9 core harrel helps reflect leaking neutrons out of the core and could
affect the reactivity of the reactor. Figure 15 examines the reactivity worth of the core barrel
wall up to a thickness of 20 cm and that of the BeQ shrouds tor the 36 UN fuel assemblies in
the driver core. The results of Figure 15 show that mereasing the wall thickness moreases the
cold-clean regctivity, but only by a fow 1o several cemts, The reactivity worth of the HT-9
wall nereases almost Huearly with 8 thickness up to 7 om, and, as a result, the rate of increase
progressively decreases with increasing the wall tuckness. As a compromise, the base reactor
design uses a wall thickness of 10 ony The thickness of the core barrel wall does not affect
the cold-clean reactivity shutdown margin of the reactor,

[OO081]  The results shown in Figure 16 compare the calculated cold~clean reactivity for
the SLIM reactor with BeO and HT-9 steel shrowds for the UN fuel assembles in the detver
core. Parasitic newiron absorption is higher in HT-Y than BeO which not only produces
additional nentrons by the (y.n) and {(n.20) reactions but also increases the fraction of the low
energy neutrons in the suergy spectrum as shown in Figures 17A and 178, With BeO shrouds

{hase~design) the calculated cold clean and hot clean reactivity for the reactor is 5104 and

-~

§7.84, vespectively, Replacing Be) with HT-9 in the shrouds of the fuel assemblies in the
diiver core decreases the cold clean and hot clean reactivity by ~44% and ~55% 1o $5.84 and

ol

;va

7. respectively as shown. In summary, using BeO shrouds for the UN fuel assemblies in
the driver core increases reactivily and hence, the operation lifetime the reactor, withowt
having to increase the UN fuel enrichment. This would be the case with HT-9 shrouds in

order to achieve the same clean reactivity and reactor operation life,
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[O00R2]  Figure 17A compares the neutron energy specira in the reactor for the cold~clean
condition and for the hol-clean conditions at a reacior thenmal power of 100 MWy, The
figure also includes the encrgy spectrum of the prompt fission neutrons for reference. Resulls
demonstrate that the reactor core has a hard neutron spectra with most probable cnergy of ~
136 Kev as shown i Figore 17A0 The spectrum for the bot-clean conditions negligibly
change with decreasing the nominal thermal power of the reactor. Those spectra for the hot-
clean and cold~clean conditions are indistingnishable for nentron energy > 1 keV. However,
the neutren fractions at lower energies are higher for the hot clean than for the cold-clean
condition,

[06083] Owing to the slight tail of the neutron energy speetra in the epithermal range, the
effeet of resonance broadening of the noutron cross-sections on reactivity at hot condition
would be small. Other factors that affect the hot-clean reactivity are: {8) the decreases in
densities of UN fuel, HT- 9 cladding and core stracture and other core materials and (b} the
changes in the dimensions of active core and UN fuel. For example, the axial expansion of
the UN fiel not only decreases the fission rate but also increases the active core height and
hence neutron leakage, partially decreasing the hot-clean reactivity.

[00084]  As indicated in Figure 16, the hot-clean reactivity with BeQ) shrouds of the LN
fuel assemblies i the daver core of SLIMM reactor 18 ~75% of ity cold-clean reactivity,
Vith HT-9 shrouds, the core’s hot-clean reactivity is only ~ 61% of its cold-clean reactivity.
[00085]  The neutron energy spectra in Figure 1713 show the effect asing BeQ or HT-9
shrouds of the UN fuel assemblies on the hot-clean reactivity of the reactor. With the BeO
shrouds, the energy spectrum is higher than with HT-9 shroads at all energies, parbicudarly for
those less than 25 keV and more than 0.45 MeV. The higher neutrons fraction at the low
energies reflects higher lssion rate and that st the higher encrgy reflects the contribations of
the {y.n} and {n.2n) reaction in Beryllium. The combined effect is the indicated increases in
the cold- and hot-clean reactivity ot the reactor with Be€) shrouds for the UN foel assemblies
by $4.536 and $4.27, respectively, comparad to when using HT-9 steel shrouds gs shown in

Figure 16,
[00086]  The hard neutron cnergy spectrum of the SLIMM reactor s advantageous in
reducing the inventory minor actinides generated in the UN foel during reactor operation. The

sffectiveness in buming minor actinides stemy from the fact that the ratio of fission to the
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capiure neutron cross sections s higher in g fast spectrum than in a thermal spectrum, such as
of LWRs.

[06087]  Figure 18 compares the estinates of the operation ife of the reactor, without
refucting, at thermal powers of 20 to 100 MWy, The operation life estimate at the higher
reactor power 18 ~ 3.6 full-power years and ~ 26.8 full-power vears at the lower power, For
both power levels, the hot-clean reactivity decreases practically lincarly with the fall-power
operation time. This reactivity also decreases almost Hnearly with increasing the average fuel
barn up in MWE kg of uraninm, irrespective of the reactor powsr, from 10-100 MWy, The
insert in Figure 18 shows that the reactor operation life decreases exponentially with
increasing the reactor thermal power. Results also show that the reactor Tifetime 15 11 and 33
full-power years when operated at & nominal power of 50 and 10 MWy, respectively.

[ODORR] Iy apother embodiment, the present invention provides a modolar nuclenr reactor
comprising a reactor pressure vessel having a lower section having a first wall and a second
wall and an upper section having a first wall and a second wall. The walls of the lower
section and the upper section are adapted to be connectable. The second wall of the apper
section defining g chimmey having a Hirst open end and an opposingly located second open
end. The chimney maybe disposed in the upper section and defines a Hrst passageway. Also
provided is 8 second passageway disposed between the chunney and the first wall of said
ppper section. The upper section further incluades an upper plenum in communication with the
first open end of the chimney and connecting the first and second passageways of the upper
section. A heat exchanger is disposed in the second passageway of the upper section. The
first wall lower of said lower seetion is opposingly located from the second wall of the lower
soction to form a first passageway that is conmmunicalion with the fivst passageway of the
upper section, The second wall of the lower section defines # second passageway that is in
communication with the sccond passageway of the upper section, A lower plenum connects
the first and secomnd passageways of said lower section, The reactor core ts located within the
second passageway of the lower section and is adapted to heat @ heat transfer Haid by having
One OF MIOFE passagewnys In communication with the second passageway of the lower
section. The first and second passagewsays create a circulation loop wherein a heated heat
transfer Huid circulates up from the reactor core, through the chimney, through the upper
plenum and downwardly past the heat exchanger, into the lower plenum and back into the

SO,
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[O00RY]  In other embodiments, the nuclear core nclades a hexagonal shutdown drive
assembly comprised of a plurality of B4C rods with BeO followers, a first hexagonal ring of
six hexagonal UN fuel assemblies surrounding the shutdown drive, a second hexagonal ring
of twelbve hexagonal UN fnel assenmblies surrounding the first ring, a third hexagonal ving of
eighteen hexagonal UN fuel assemblics sarrounding the second ring, a fouwrth ring hexagonal
ring comprised of six one-half hexagonal BeQ of DUN blanket assemblics at the vertices and
cighteen BeO or DUN hexagonal blanket assemblies surrounding the third ring.

(D0090]  The reactor may further including a plurality of heat pipes in the vessel wall to
enhance agiv-cooling by naturgl circulation. An auxiliavy power source driven by heat
extracied from the wall of the vessel may also be used. The power source may be adapted to
generate electric power. Sensors between the inner and outer vessel walls for monitoring
reactor operation and o provide early warning may also be used,

[00091]  While the foregeing written description enables one of ordinary skill to make and
use what is considered presently to be the best mode thereof, those of ordinary skill will
understand snd appreciate the existence of varigtions, combinations, and equivalents of the
speciiic embodiment, method, and examples herein. The disclosure should therefore not be

fimited by the above described embodiments, methods, and examples, bat by all

embodiments and methods within the scope and spirit of the disclosure,
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WHAT IS CLAIMED IS:
1. A modudar nuclear reactor system comprising

a reactor pressure vessel having a lower section having a first wall and a second wall
and an upper section having g first wall and a second wall

satd walls of said lower section and said upper section adapted to be connectable;

said second wall of said upper section defining a chimney having a first open end and
an opposingly located second open end, satd chiraney disposed in said upper section and
defings a Hrst passageway,

a second passageway disposed between said chimney and said first wall of said apper
seetion;

said upper section further including an ppper plenum in conmuucation with said first
open end of said chimpey and connecting said first and second passageways of said upper
segtion;

a heat exchanger disposed i said second passageway of said upper section;

satd first wall fower of said lower section opposingly located from said second wall of
satd lower seclion to form a first passageway, said first passageway i comumnutestion with
said first passageway of said upper section;

satd second wall of said lower section defiming a second passageway, said second
passageway in communication with said second passageway of said upper section;

said lower section further inclnding a lower plenam connecting said first and second
passageways of said lower section;

a reactor core located within said second passageway of said lower section, said
reactor core adapted to heat a heat transfor fluid and including one or more passageways in
conununication with said second passageway of said lower section; and

said first and second passagoways ereate a circulation loop wherein heated heat
transtor flnid circulnies up from said reactor core, through said chimney, through said apper
plenam and downwardly past said heat exchanger, into said lower plenuam and into said
passageways of said core.

2. The nuclear reactor of claim | wherein said heat exchanger is a helix coil disposed on said
chinmey.

3. The nuclear reactor of claim 1 wherein sald core includes g shatdown drive surrounded by
a first, second and third ring of fuel assemblies comprising rods of fissile material.

4. The nuclear reactor of claim 3 wherein said loel asserablies are surrounded by 8 ring
22
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comprised of a plurality of DUN or BeO bianket assemblies and a plurality of steel or BeO
corner assemblies

The nuclear reactor of claim 1 wherein said core includes a hexagonal shutdown drive
assembly comprised of a plurality of B4 rods with BeQ followers, a first hexagonal ring of
six hexagonal UN fuel assemblies surrownding sard shotdown drive, a second hexagonal ring
of twelve hexagonal UN fuel assemblies surrounding said first ring, a third hexagonal ring of
cighteen hexagonal UN fuel assemblies swrrounding said second ring, and a fourth hexagonal
ving comprised of six hexagonal steel corner assemblies at the vertices and eighteen
hesagonal DUN blanket assemnblies surrounding said thivd ning.
6. The nuelear reactor of claim § wherein said six fuct assemblies of said first ring include

central B4C control rod with a Be®) follower and said nine fuel assemblies of said second

ring inelnde a contral B4C control rod with a BeQ) follower,

7. The nuclear reactor of claim 1 wherein said core includes a hexagonal shutdown drive
assembly comprised of a phuality of B4C rods with Bet) followers, a first bexagonal ring of
six hexagonal UN fuel assemblies surrounding sald shutdown drive, a second hexagonal ving
of twelve hexagonal UN fuel assemblies surrounding said Hrst ring, & third hexagonal ring of
eighteen hexagonal UN fuel assemblies surrounding said second ring, a fourth ving bexagonal
ring comprised of six one-hall hexagonal DUN blanket assemblies at the vertices and
sighicen DUN hexagonal blanket assemblies surrounding said third ring
8. The muclear reactor of clamm 7 whereln said six fuel sssemblies of said first ring include o
central B4U control rod with BeO follower and said nine fuel assemblies of said fuel
assemblies of xaid second ring include a central B4C control rod with BeQ) follower.
9. The nuclear reactor of claim 1 wherein said core includes & hexagonal shutdown drive
assembly comprised of a plurality of Ba rods with BeQ followers, 8 first hexagonal ving of
six hexagonal UN fuel assemblies surrounding said shutdown drive, a second hexagonal ring
of twelve hexagonal UN fuel assemblies survounding said fivst ning, a third hexagonal ring of
cighieen hexagonal UN fuel asserablies strrounding said second ring, a fourth ring hexagonal
ring comprised of six one~half hexagonal BeO blanket assemblies at the vertices and cighteen
BeQ hexagonal blanket assemblies sorrovwnding said third ring.
0. The nuclear reactor of claim 9 wherein said six fuel assemblies of said first ring include a

cenfral BgC control rod with Be(Q follower and said nine foel assemblics of said fuel
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assemblies of said second ring include a central B4C control rod with BeO) follower.

{1, The nuclear reactor of clgim 5 wherein cach fuel assembly contains a plurality of fuel
rods, each of said fuel rods contained in a cladding having scalloped interior walls configured
to surround satd fuel rods and to provide a passageway in comnunication with saxd second
passageway of said lower section, said fuel rods arranged i 8 triangular lattice with a Pich-
to-Diameter ratio of 1.2

12, The nuclear reactor of claim 11 wherein each fuel rod is comprised of an elongated
housmg having a plenum at the distal end followed by a first DUN or BeQO axial hlanket,
followed by UN pellets, and followed by a second DUN or BeQ axial blanket at the proxamal
end,

13. The nuclear reactor of claim 7 wherein cach fuel assembly contains a plurality of fuel
rods, each of said fuel rods contained in a cladding having scalloped interior walls configured
to surround said fuel rods and o provide a passsgeway in communication with said second
passageway of said lower section, said fuel rods arranged in a triangular lattice with a Pich-
to~Diameter ratio of 1.2,

14, The nuclear reactor of clamm 13 wherein each fucl rod 18 comprised of an elongated
housing having a plenum at the distal end followed by a first DUN or BeOQ axial blanket,
followed by UN pellets, and followed by a second DUN or BeQ axial blanket at the proximal
end,

15, The wuclear reactor of clanm 9 wherein each fuel assembly contaims a plurality of fuel
rods, each of said fuel rods contained in a cladding having scalloped imterior walls configured
to surround satd fuel rods and to provide a passageway in commnunication with sad second
passageway of said lower section, said fuel rods arvanged in a triangular lattice with a PHch-
to~-Diameter ratio of 1.2,

16, The nuctear reactor of clamm 15 wherain each fuel rod is comprised of an elongated
housing having a plenwn at the distal end followed by a first DUN or BeO axial blanket,
followed by UN pellets, and followed by a second DUN or BeO axial blanket at the proximal
end.

17. The nuclear reactor of claim 1 further including a plurality of heat pipes in said vessel
wall to enhance air-conling by natural circulation.

18. The muclear reactor of claim 1 further including an anxiliary power source driven by heat

extracted from the wall of said vessel to generate electric power,

24
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19, The nuclear reactor of claim 1 further tncluding sensors between said inner and outer
vessel walls for moniforing reacior operation and to provide carty warning.

20, The nuclear reactor of claim | further including a cover disposed over said upper plenum,
sard cover containing Argon gas.

21, The puclear reactor of claim 20 wherein said cover is adapted to permit said Argon gas to
be replaced with hguid sodium to increases the gap conductance thereby enhancing removal

of decay heat from said reactor core.

o]
A ]



WO 2015/085241 PCT/US2014/068910

1/11
103A ’30}38
190/ 108
121 / 122
7 ; 101
" ‘ ¥
100~ | ﬁzo
120 9w - 102
- SN 104
Sl i e 123
' 106
(170
I s
124
/
181 ( ~103D
125 {
103¢ 180

FIG. 1A



WO 2015/085241 PCT/US2014/068910

FIG. 1B



PCT/US2014/068910

WO 2015/085241

31

214

SR

NINT IRV IR IR PN

N O AN

Lt PN

NN i

\/\ AN

202
/

202~

\\\\
p

&u\\\\\m&%
5

@@.@J‘\\ ﬁ\a (9 3 5&»

M~ ¢

] .Aw.}l\a@

ﬁ\ =

a

& =

;)

\\\,j ﬁw
5 Mw oy,
Nt ? &,,

\%;@%

© =
@
f\

m

.«%@\a %
D HE \M

m\\«w%g @f&v
§%\ o ;x@
& »mvo

s\x\ s
@

,VS

%,&f\

mv/.}f

()

\«ﬁ?x

“(3)
\\a%m

\N

FIG. 2A

/218

FIG. 2B



PCT/US2014/068910

WO 2015/085241

4/11

TR TR R e e e B nnmmm’_’)
3

Q.l .-.stﬂ.iﬁsmn s».. . ‘ . A
RN ARRARRe |

P

,/ Ao, Aot Aty et e e ettt Ao 2 e e o A o sl e st 4t et ) Skt s 5

o, £ o, & okt L litlitonin ¥, s o e e g o e ki k. ey
e e s s
. e o g §
A N w
= k3
5 %
e %
kY

o
RPN N S SN S

A T T T e S

OO

R

ey

v}

ey

. 48 ¥
e e e L e s Ao

455

FIG. 4



WO 2015/085241 PCT/US2014/068910

. Helically s Colted Tuhf Maias HEX
370 c. No. of Concenivic Colls = 164
£ Qoit Tube OD {m) = 0.045

- Coit Height (mi={H -1}
340 - orreRmEE,

280 ______________ ____________ 4
250 vvvvvvvv ey ,‘ SO e
20 K E

190 , vvvvvvvvvvvvvvvvvvvvvv

400 AOLAE ML W A i e e e I S T S 0 M At A At e W At A i M I YT TIY S
: o H
P R

Sodium Mass Flow Rate (kg/s)

130
650 88{) 710 7’40 ??Q BDQ 830 860
FIG. 5 922
QQ?\k 923

l&( 920A~"

903
/

vy Jln%
tmxxxxm ‘ ¥WXKXXM“

=3 =S
9{;0 P B 942

T
1
i ,

800

;
3
1
! ; -
X £ '\\’M.._.w‘
;
; ;
3
i
§
§
§
;
;
{
{

4
Fs




WO 2015/085241 PCT/US2014/068910

6/11




PCT/US2014/068910

WO 2015/085241

7M1

anket (MW,,/m )

I Bl
O Actice Core (MWy,/m )
£ UN Fuel (MW, /MT)

Ia

.

A Rad

4
s %
i !ll];

i

i

. V-
?lll:’rll.ll

R NRR RS EARNE AN N 22 AR

ll‘lillil!“l[lill!l;!!!l

H

o o o s o o s o ] 5 o

H

Coe L < AT I
10 20 30 40 50 60 70 80 S0 100

§
3
2 r
3 o }
o R L R R e R e S
L 07 O POy v =
- {(1N) seeiy ejo) winpog ! ! i
Cer bt s b o b3 s b a4 1 4 ¢ ._vamv-__mua“~mgka~nu
Lo - L . o - o9 o} o
o P £#) g <t o) o -

AUSUB(] Jomod shrisay

Power (MW, )

Rx Thermal

FIG. 8

4

w“v.w.owux A5
%

%

<

i

at
o5

704

FIG. 10

FIG. 9



WO 2015/085241

Mass (MT)

Reactor Total

Reactivity {($)

155 -
145 %
1356 i
115 ;

8/11

PCT/US2014/068910

es o 1oy

i

i1

AR B AR IR AN N A

i i 1

L
i H
~ i H § e
- i i i 1
o 2o sa e oo e sa e o e e s o o oo e s s e v e 2 e e o o v wer e e o e v e o 0 o S o o o voed
=~ i i } ]
o i i H ]
p~ i { § ~
o s e v e o e e e e e he Aasalosbaathondionies Saankarhonibonioal AR S o e o e e 2 e P e e e e
o i i i -
N i i H 1
- i { H -1
e R m} mmmmmmmmmmmmm '-«- mmmmmmmmmmm .’,..‘_.._......._..._.......
b i i § ~
» y { H ~
AORNIONY SRR I A e e bl
- 2 B : ] N
- I: ; P 17.65% ]
B b 1 e e
. UN Enrichment ; i | i ]
- 17.25% &4.,.,.,,”“; ﬁﬁﬁﬁﬁ Qpﬁaﬁﬁﬁpaﬁaﬁﬁ;ﬁa&a;

v Hot Clean,
100 MW,

aHot Clean,
20 MWy,

o Cold Clean

o Rx Control

o Emergency
Shutdown



WO 2015/085241

Reactivity ($)

Reactivity ($)

Reactivily ($)

PCT/US2014/068910

9/11
L S S B S R R N s— —
N H | i ¢ 4
:—--~wbmwﬂwmwﬁiwmwhﬁwwwmwmﬁﬁwﬁ
A ¢ & ]
TNV SO NV SIS SUNUPRNS SRV SURUUR: NP U SRS
- % \ ! : 1 vHot Clean,
ARSEAE Mt I Satahe prom g -1 20 MW,
SR N N Lo P i 1 aHot Clean,
| ] i | 100 MW,
Al s bt St S AN A 7-=-1 o Cold Clean
S IO A I - - i__3 oRx Control
| | g0 |
wa-w-wa&aqaa&’ésaa-ﬁt»awgl»a+mmerwaqaaﬁ
1 S + ¢ | None | | f
STV/TI o e N S
(a) Central Assembly Follower Rods
FIG. 13A
10k ¢ e T .
X ¥ F ]
8: ﬂﬂﬂﬂﬂﬂﬂ Wﬂzfmww%wz v Hot Clean,
e IR i s B s e e BB L
- | ; I 4 aHot Clean,
4+ A b e e ainl de==1 100 MW,
- : ; : o Cold Clean
2: T 7777777777 2 Emergency
- § | § ! 1 Shutdown
0?“““'”“’““3 ““““““““ R A T " T
: __CE_.__._,_E__E___: _,_Ei_ai___fﬂ__.jm_;
2 BUN AT None | HeO |
FIG. 13B
11 : [
<j c
g mmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
1 v Hot Clean,
[ uaaitt et ot A T 100 MW,
. N . aHot Clean,
° r " 20 MWy,
% NNNN AN SN N T o Cold Clean
| - d:' E o Reactor
¥} (RO K b e S Biﬁ nfét »»»»» Control
; nanee o Emergency
- S - AOW‘*@?’&““ Shutdown
oL HT-9 | DUN 7SSPMbIes
FIG. 14



PCT/US2014/068910

WO 2015/085241

10/11

b e e e e e ]

e

{#) YHOAA ANAROEDY UBSID-PIOD

6
] .
8
4
G

20

15

10

...n
m =
D= .

- = _—

o = g Y cd

o =2 P % = =

= 0w OOES

sl 050

L ¥ OEL %

TOam DWW

< o O
A N N R e
i t } i § i 3 $ 1 i
i i { i § : i ; 1 i
| } § i 3 i § i 1 f
] I i | i i i i i i
i { i I i i i i | }
I f | i i i i i H
2aate Sunhaskuachs sdbeadiont et Saafuasiassls dhasdasinl acleadasties seckestiosdi Raskeationdhs e
| } i 3 § § i 1 f
i t i i i j i 1w
i H i H H i H 1 TH
] f | H i i i i i
N I
1 G i § { ] i D A
A ¢
A
i i i i i i 3 i 1 ;
T T N T T B B
£ L e e B s s BT =
i i f | } i i H { i
i i i i i i j i 1 ;
i t } i § i 3 & 1 i
i i { i § : i 5 1 i
IR

Pt { } ] H I 1!:!0 lllll
P 1 i ] 3 FR 06 WS F R e 904 .w lwl
] } t i § f I 0 1 i
| } § i 3 § § i 1 f
i i § § i i H } i H
i ] ; i § i i f { ;
] f ¥ | i i i i i H
_ 1 “ i w i m 3 m 4 W 3 m 1 w L m XL m
Lun BN+ Len] b g o8 O O <t Q0o o
e f 4 H ¥
($) Aanoeay



WO 2015/085241

Neutron Fraction, n{E)

Neutron Fraction, n{E)

Hot-Clean Reactivity ($)

O=MNWwhH N ~wno

PCT/US2014/068910

11/11

.08 f thaRg B s mm e Prompt

N SUMM Base Desagn Fission

0.8t100 MW,

0.85 """"" g e b

0.7 - pmmmm-- P 1

0.8;— ————— domeee b L

O.SE_ “““““ 'i‘ ~~~~~~ ~:t- —————— +

0.4 f---——t-——---  —

L i t
] . i~ Hot-Clean -
T t

02 ¢ oid-Clean-

0.1 By e o e e
of8, el T

-8 B : 5
10 10 10° FIG. 17A

4 Qf T T T Prompt
" ESLIMM Base Design, | Eission

0.8 EHot-Clean100 MWy, ~ T~ THT"

0.8: ““““““ ‘§' ““““““ 4{ —————— .%. §\

0.7 frmmmmm Foomee S :

3 ! ! N

0.6f--—--- A tmmmmee L1

e S U

04— BeO i

0.3~~~ +-Shrouds -—--- LA

i E S ,

0] S AV N\ HT.9
QE(E\Q-« b VL \ Shrouds
10 10°  10* 10?7 10° 10?

Neutron Energy, k£ (MeV) FIG. 17B

1




INTERNATIONAL SEARCH REPORT

International application No.

PCT/US2014/068910

A. CLASSIFICATION OF SUBJECT MATTER
G21C 15/12(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
G21C 15/12; G21C 11/06; G21C 7/28; G21C 1/22; G21D 3/04; G21C 1/32; G21C 7/10; G21C 15/10; G21C 7/32

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electromic data base consulted during the international search (name of data base and, where practicable, search terms used)
¢KOMPASS(KIPO internal) & keywords: reactor, passageway, circulation, shutdown, core, vessel, rod, plenum

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2009-0129532 A1 (JOSE N. REVYES, JR et al.) 21 May 2009 1-2
See paragraphs 11, 21-24, and figure 2.

Y 3

A 4-21

Y US 2009-0175403 A1 (TOSHIYUKI SUZUKI et al.) 09 July 2009 3
See paragraph 29, and figure 2A.

A 1-2,4-21

A US 2010-0124306 A1 (ERIC PAUL YOUNG) 20 May 2010 1-21
See paragraphs 30-32, claim 1, and figure 3.

A JP 2008-008727 A (HITACHI LTD.) 17 January 2008 1-21
See paragraphs 21-30, claim 1, and figure 1.

A WO 2013-116942 A1 (OTTAWA VALLEY RESEARCH ASSOCIATES LTD.) 15 August 2013 1-21
See paragraphs 33-35, claim 1, and figure 1.

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

carlier application or patent but published on or after the international
filing date

document which may throw doubts on priotity claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

document referring to an oral disclosure, use, exhibition or other
means

document published prior to the international filing date but later
than the priority date claimed

g

"

o

wpn

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory undetlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

document member of the same patent family

gn

myn

ngn

Date of the actual completion of the international search
19 March 2015 (19.03.2015)

Date of mailing of the international search report

19 March 2015 (19.03.2015)

Name and mailing address of the ISA/KR
International Application Division
& Korean [ntellectual Property Office
189 Cheongsa-1o, Seo-gu, Dagjeon Metropolitan City, 302-701,
Republic of Korea

Facsimile No. ++82 42 472 7140

Authorized officer

PARK, Hye Lyun

Telephone No. +82-42-481-3463

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2014/068910
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2009-0129532 Al 21/05/2009 AT 538476 T 15/01/2012
CA 2705471 Al 06/08/2009
CA 2705471 C 21/10/2014
CN 101861627 A 13/10/2010
CN 101861627 B 13/02/2013
EP 2220654 A2 25/08/2010
EP 2220654 B1 21/12/2011
ES 2379173 T3 23/04/2012
JP 2011-503615 A 27/01/2011
JP 5429716 B2 26/02/2014
KR 10-1261518 Bl 06/05/2013
KR 10-2010-0072374 A 30/06/2010
US 8891723 B2 18/11/2014
WO 2009-097033 A2 06/08/2009
WO 2009-097033 A3 12/11/2009
US 2009-0175403 Al 09/07/2009 AU 2007-221021 Al 07/09/2007
CA 2644069 Al 07/09/2007
CN 101490017 A 22/07/2009
CN 101490017 B 23/01/2013
EP 1989188 Al 12/11/2008
EP 2562168 Al 27/02/2013
EP 2562168 Bl 16/04/2014
EP 2643000 A2 02/10/2013
JP 2007-240527 A 20/09/2007
JP 2009-528363 A 06/08/2009
JP 5279192 B2 04/09/2013
US 2007-0203124 Al 30/08/2007
US 2011-0065688 Al 17/03/2011
US 2011-0065689 Al 17/03/2011
US 2011-0065691 Al 17/03/2011
US 7829713 B2 09/11/2010
US 7873137 B2 18/01/2011
US 8338405 B2 25/12/2012
US 8501745 B2 06/08/2013
US 8927546 B2 06/01/2015
WO 2007-100852 Al 07/09/2007
WO 2012-040258 A2 29/03/2012
WO 2012-040258 A3 07/06/2012
US 2010-0124306 Al 20/05/2010 CA 2745574 Al 20/05/2010
CN 102282627 A 14/12/2011
EP 2366183 Al 21/09/2011
EP 2366183 Bl 26/06/2013
EP 2571028 Al 20/03/2013
EP 2571028 Bl 17/09/2014
ES 2434773 T3 17/12/2013
ES 2524719 T3 11/12/2014
JP 2012-509467 A 19/04/2012

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2014/068910

Patent document Publication Patent family Publication

cited in search report date member(s) date
KR 10-1437481 Bl 03/09/2014
KR 10-2011-0105375 A 26/09/2011
US 8472581 B2 25/06/2013
WO 2010-057205 Al 20/05/2010

JP 2008-008727 A 17/01/2008 None

WO 2013-116942 Al 15/08/2013 AU 2013-218764 Al 21/08/2014
AU 2013-218764 A8 28/08/2014
CA 2863845 Al 15/08/2013
CN 104205237 A 10/12/2014
EA 201491488 Al 30/01/2015
EP 2815404 Al 24/12/2014
IL 233949 DO 30/09/2014
KR 10-2014-0123089 A 21/10/2014

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - wo-search-report
	Page 39 - wo-search-report
	Page 40 - wo-search-report

