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(57) ABSTRACT 

A nuclear reactor cooling system with passive cooling capa
bilities operable during a reactor shutdown event without 
available electric power. In one embodiment, the system 
includes a reactor vessel with nuclear fuel core and a steam 
generator fluidly coupled thereto. Primary coolant circulates 
in a flow loop between the reactor vessel and steam generator 
to heat secondary coolant in the steam generator producing 
steam. The steam flows to a heat exchanger containing an 
inventory of cooling water in which a submerged tube bundle 
is illl1llersed. The steam is condensed in the heat exchanger 
and returned to the steam generator forming a closed flow 
loop in which the secondary coolant flow is driven by natural 
gravity via changes in density from the heating and cooling 
cycles. In other embodiments, the cooling system is config
ured to extract and cool the primary coolant directly using the 
submerged tube btmdle heat exchanger. 
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PASSIVE REACTOR COOLING SYSTEM 

CROSS-REFERENCE TO RELATED PATENT 
APPLICATIONS 

[0001] The present application claims the benefit of U.S. 
Provisional Patent Application No. 61/827,943 filed May 28, 
2013, and is a continuation-in-part of International Patent 
Application No. PCT/US13/42070filedMay 21,2013, which 
claims of benefit of U.S. Provisional Patent Application No. 
61/649,593 filed May 21, 2012, the entireties of which are 
incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates nuclear reactors, and 
more particularly to a reactor and reactor contaimnent system 
with passive reactor cooling system for reactor shutdown 
operation. 

BACKGROUND OF THE INVENTION 

[0003] The containment for a nuclear reactor is defined as 
the enclosure that provides envirom11ental isolation to the 
nuclear steam supply system (NSSS) of the plant in which 
nuclear fission is harnessed to produce pressurized steam. A 
commercial nuclear reactor is required to be enclosed in a 
pressure retaining structure which can withstand the tempera
ture and pressure resulting from the most severe accident that 
can be postulated for the facility. The most severe energy 
release accidents that can be postulated for a reactor and its 
containment can be of two types. 
[0004] First, an event that follows a loss-of-coolant acci
dent (LOCA) and involve a rapid large release of thermal 
energy from the plant's nuclear steam supply system (NSSS) 
due to a sudden release of reactor's coolant in the containment 
space. The reactor coolant, suddenly depressurized, would 
violently flash resulting in a rapid rise of pressure and tem
perature in the containment space. The in-containment space 
is rendered into a mixture of air and steam. IDCAs can be 
credibly postulated by assuming a sudden failure in a pipe 
carrying the reactor coolant. 
[0005] Another second thermal event of potential risk to the 
integrity of the contaimnent is the scenario wherein all heat 
rejection paths from the plant's nuclear steam supply system 
(NSSS) are lost, forcing the reactor into a "scran1." A station 
black-out is such an event. The decay heat generated in the 
reactor mnst be removed to protect it from an uncontrolled 
pressure rise. 
[0006] More recently, the contaimnent structure has also 
been called upon by the regulators to withstand the impact 
from a crashing aircraft. Containment structures have typi
cally been built as massive reinforced concrete domes to 
withstand the internal pressure from LOCA. Although its 
thick concrete wall could be capable of withstanding an air
craft impact, it is also unfortunately a good insulator of heat, 
requiring pumped heat rejection systems (employ heat 
exchangers and pumps) to reject its unwanted heat to the 
external environment (to minimize the pressure rise or to 
remove decay heat). Such heat rejection systems, however, 
rely on a robust power source (off-site or local diesel genera
tor, for example) to power the pumps. The station black out at 
Fukushima in the wake of the tsunami is a sobering reminder 
of the folly of relying on pumps. The above weaknesses in the 
state-of-the-art call for an improved nuclear reactor contain
ment system. 
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[0007] Besides the foregoing contaiun1ent cooling issues, a 
nuclear reactor continues to produce a substantial quantity of 
heat energy after it has been shut down. FIG. 20 shows a 
typical heat generation curve of a light water reactor subse
quent to a scram (i.e., a sudden cessation of chain reaction by 
a rapid insertion of control rods or other means). In the current 
reactor designs, as noted above, the reactor's decay heat is 
removed by the plant's residual heat removal (RHR) system 
which utilizes a system of pumps and heat exchangers to 
convey the heat energy to a suitable source of cooling water 
maintained by the plant. As can be seen from FIG. 20, the 
reactor's decay heat begins to attenuate exponentially with 
time but is still quite significant to threaten the reactor's safety 
if the generated heat were not removed (as was the case at 
Fukushima where the pumps needed to extract the reactors' 
heat failed because of submergence of their electric motors in 
the tsunami driven water surge). The Fukushima disaster 
provided a stark lesson in the vulnerability of forced flow 
(pump dependent) systems under extreme environmental 
conditions. 
[0008] An improved reactor cooling system is desired. 

SUMMARY OF THE INVENTION 

[0009] A reactor cooling system according to the present 
disclosure provides a completely passive means to reject the 
reactor's decay heat without any reliance on and drawbacks 
of pumps and motors requiring an available electric power 
supply, as described above. In one embodiment, the cooling 
system relies entirely on gravity and varying fluid densities to 
induce flow through the cooling system. In one embodiment, 
this gravity driven system may be configured and referred to 
as a submerged bundled cooling system (SBCS) for conve
nience (this arbitrary nomenclature not being limiting in any 
respect). The cooling system is engineered to passively 
extract heat from the reactor primary coolant in the event of a 
station black out or another postulated accident scenario 
wherein the nom1al heat rejection path from the fuel core via 
the power plant's Rankine cycle is lost. 
[0010] In one embodiment, a passive nuclear reactor shut
down cooling system includes a reactor vessel housing a 
nuclear fuel core inside, the reactor vessel containing a pri
mary coolant heated by the fuel core, and a steam generator 
fluidly coupled to the reactor vessel and containing a liquid 
secondary coolant. The primary coolant circulates in a first 
closed flow loop between the reactor vessel and steam gen
erator, the primary coolant transferring heat to the secondary 
coolant in the steam generator and producing secondary cool
ant steam. A heat exchanger includes an inventory of a liquid 
third coolant and a tube bundle, the tube bundle being sub
merged in the third coolant. The secondary coolant circulates 
via gravity flow in a second closed flow loop between the 
submerged tube bundle and the steam generator. The second
ary coolant steam is extracted from the steam generator and 
flows in the second closed flow loop to the tube bundle, 
condenses fanning condensate, and the condensate flows 
back to the steam generator. 
[0011] In another embodiment, a passive nuclear reactor 
shutdown cooling system includes a reactor vessel housing a 
nuclear file! core inside, the reactor vessel containing a pri
mary coolant heated by the fuel core, and a heat exchanger 
including an inventory of cooling water and a tube bundle, the 
tube bundle being submerged in the cooling water. The pri
mary coolant circulates via gravity flow in a first closed flow 
loop between the submerged tube bundle and the reactor 
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vessel, wherein the primary coolant transfers heat to the 
inventory of cooling water in the heat exchanger and is cooled 
before flowing back to the reactor vessel. 
[0012] In another embodiment, a method for passively 
cooling a nuclear reactor after shutdown is provided. The 
method includes: heating a primary coolant in a reactor vessel 
with a nuclear fuel core; heating a secondary coolant in a 
steam generator with the heated primary coolant to produce 
secondary coolant steam: extracting the secondary coolant 
stean1 from the steam generator; flowing the extracted sec
ondary coolant steam through a tube btmdle submerged in an 
inventory of cooling water in a pressure vessel; condensing 
the secondary coolant steam forn1ing a secondary coolant 
condensate; and returning the secondary coolant condensate 
to the steam generator, wherein the secondary coolant steam 
and condensate circulates through a first closed flow loop 
between the tube bundle and steam generator. In one embodi
ment, the method further includes: heating of the cooling 
water in the pressure vessel by the secondary coolant steam; 
converting a portion of the cooling water into steam phase; 
extracting the cooling water steam from the pressure vessel; 
flowing the extracted cooling water stean1 through heat dis
sipater ducts attached to a reactor containment vessel in ther
mal communication with a heat sink; condensing the cooling 
water steam; and returning the condensed cooling water to the 
pressure vessel to replenish the inventory of cooling water. 
[0013] Another method for passively cooling a nuclear 
reactor after shutdown is provided. The method includes: 
heating a primary coolant in a reactor vessel with a nuclear 
fuel core; extracting the heated primary coolant from the 
reactor vessel; flowing the heated primary coolant through a 
tube bundle submerged in an inventory of cooling water in a 
pressure vessel; cooling the heated primary coolant to lower 
its temperature; and returning the cooled primary coolant to 
the reactor vessel, wherein the primary coolant circulates 
through a first closed flow loop between the tube bundle and 
reactor vessel. In one embodiment, the method further 
includes: heating of the cooling water in the pressure vessel 
by the secondary coolant steam; converting a portion of the 
cooling water into steam phase; extracting the cooling water 
steam from the pressure vessel; flowing the extracted cooling 
water steam through heat dissipater ducts attached to a reactor 
contaiment vessel in thermal communication with a heat 
sink; condensing the cooling water steam; and returning the 
condensed cooling water to the pressure vessel to replenish 
the inventory of cooling water. 
[0014] According to other aspects, the present invention 
further provides nuclear reactor contaiment system that 
overcomes the deficiencies of the foregoing arrangements for 
rejecting heat released into the enviroment within the con
taiment by a thennal event. The contaimnent system gener
ally includes an im1cr contaiment vessel which may be 
formed of steel or another ductile material and an outer con
taiment enclosure structure (CES) thereby forming a double 
walled containment system. In one embodiment, a water
filled ammlus may be provided between the contaiment 
vessel and the contaiment enclosure structure providing an 
ammlar cooling reservoir. The contaimnent vessel may 
include a plurality of longitudinal heat transfer fins which 
extend (substantially) radial outwards from the vessel in the 
manner of"fin". The contaiment vessel thus serves not only 
as the primary structural containment for the reactor, but is 
configured and operable to function as a heat exchanger with 
the almular water reservoir acting as the heat sink. Accord-
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ingly, as further described herein, the contaiment vessel 
advantageously provides a passive (i.e. non-pumped) heat 
rejection system when needed during a thermal energy 
release accident such as a LOCA or reactor scram to dissipate 
heat and cool the reactor. 
[0015] In one embodiment according to the present disclo
sure, a nuclear reactor contaiment system includes a con
taiment vessel configured for housing a nuclear reactor, a 
contaiment enclosure structure (CES) surrounding the con
tainment vessel, and an annular reservoir formed between the 
contaimnent vessel and contaiment enclosure structure 
(CES) for extracting heat energy from the containment space. 
In the event of a thermal energy release incident inside the 
containn1ent vessel, heat generated by the containn1ent vessel 
is transferred to the annular reservoir which operates to cool 
the contaiment vessel. In one embodiment the annular res
ervoir contains water for cooling the contaiment vessel. A 
portion of the contaiment vessel may include substantially 
radial heat trallsfer fins disposed in the annular reservoir and 
extending between the containment vessel and contaiment 
enclosure structure (CES) to improve the dissipation of heat 
to the water-filled annular reservoir. When a thermal energy 
release incident occurs inside the containment vessel, a por
tion of the water in the mmulus is evaporated and vented to 
atmosphere through the contaiment enclosure structure 
(CES) annular reservoir in the fonu of water vapor. 
[0016] Embodiments of the system may further include all 
auxiliary air cooling system including a plurality of vertical 
inlet air conduits spaced circumfcrentially around the con
taimnent vessel in the ammlar reservoir. The air conduits are 
in fluid conllllunication with the annular reservoir and outside 
ambient air external to the contaiment enclosure structure 
(CES). When a thermal energy release incident occurs inside 
the contaiment vessel and water in the annular reservoir is 
substantially depleted by evaporation, the air cooling system 
becomes operable by providing a ventilation path from the 
reservoir space to the external ambient. The ventilation sys
tem can thus be viewed as a secondary system that Call con
tinue to cool the contaim11ent ad infinitum. 
[ 00 17] According to another embodiment, a nuclear reactor 
contaiment system includes a contaiment vessel config
ured for housing a nuclear reactor, a contaimnent enclosure 
structure (CES) surrounding the containn1cnt vessel, a water 
filled annulus formed between the containn1ent vessel and 
contailllllent enclosure structure (CES) for cooling the con
taiment vessel, and a plurality of substantially radial fins 
protruding outwards from the contaiment vessel and located 
in the annulus. In the event of a thermal energy release inci
dent inside the contaiment vessel, heat generated by the 
contaiment vessel is transferred to the water filled reservoir 
in the ammlus through direct contact with the external surface 
of the containment vessel and its fins substantially radial thus 
cooling the containn1ent vessel. In one embodiment, when a 
thenual energy release incident occurs inside the containment 
vessel and water in the mmulus is substantially depleted by 
evaporation, the air cooling system is operable to draw out
side ambient air into the annulus through the air conduits to 
cool the heat generated in the contaiment (which decreases 
exponentially with time) by natural convection. The existence 
of water in the ammlar region completely surrounding the 
contaiment vessel will maintain a consistent temperature 
distribution in the containment vessel to prevent warping of 
the contaiment vessel during the thermal energy release 
incident or accident. 
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[0018] In another embodiment, a nuclear reactor contain
ment system includes a containment vessel including a cylin
drical shell configured for housing a nuclear reactor, a con
taimnent enclosure structure (CES) surrounding the 
containment vessel, an annular reservoir containing water 
formed between the shell of the containment vessel and con
tainment enclosure structure (CES) for cooling the contain
ment vessel, a plurality of extemal (substantially) radial fins 
protruding outwards from the contaimnent vessel into the 
almulus, and all air cooling system including a plurality of 
vertical inlet air conduits spaced circumferentially around the 
containment vessel in the almular reservoir. The air conduits 
are in fluid connnnnication with the annular reservoir and 
outside ambient air extemal to the contaimnent enclosure 
structure (CES). In the event of a thermal energy release 
incident inside the containment vessel, heat generated by the 
containment vessel is transferred to the annular reservoir via 
the (substantially) radial contaimnent wall along with its 
internal and extemal fins which operates to cool the contain
mentvessel. 
[0019] Advantages and aspects of a nuclear reactor con
tainment system according to the present disclosure include 
the following: 
[0020] Contaimnent structures alld systems configured so 
that a severe energy release event as described above can be 
contained passively (e.g. without relying on active compo
nents such as pumps, valves, heat exchangers and motors); 
[0021] Containment structures and systems that continue to 
work autonomously for an unlimited duration (e.g. no time 
limit for human intervention); 
[0022] Containment structures fortified with intemal and 
extemal ribs (fins) configured to withstand a projectile impact 
such as a crashing aircraft without losing its primary function 
(i.e. pressure & radionuclide (if allY) retention alld heat rejec
tion); alld 
[0023] Contaimnent vessel equipped with provisions that 
allow for the ready removal (or installation) of major equip
ment through the contai1m1ent structure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] The features ofthe illustrative embodiments of the 
present invention will be described with reference to the 
following drawings, where like elements are labeled simi
larly, and in which: 
[0025] FIG. 1 is side elevation view of a finned primary 
reactor containment vessel according to the present disclo
sure which forms pan of a nuclear reactor containn1ent sys
tem, the lower portions of some fins being broken away in part 
to reveal vertical support colu1lllls and circumferential rib; 
[0026] FIG. 2 is transverse cross-sectional view thereof 
taken along line II-II; 
[0027] FIG. 3 is a detail of item III in FIG. 2; 
[0028] FIG. 4 is a longitudinal cross-sectional view of the 
nuclear reactor containment system showing the containment 
vessel of FIG. 1 and outer containment enclosure structure 
(CES) with water filled almular reservoir formed between the 
vessel and enclosure: 
[0029] FIG. 5 is a longitudinal cross-sectional view through 
the containn1ent vessel and contaimnent enclosure structure 
(CES); 
[0030] FIG. 6 is a side elevation view of nuclear reactor 
containment system as installed with the outer containment 
enclosure structure (CES) being visible above grade; 
[0031] FIG. 7 is a top plan view thereof; 
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[0032] FIG. 8 is longitudinal cross-sectional view thereof 
taken along line VIII-VIII in FIG. 7 showing both above and 
below grade portions of the nuclear reactor contaimnent sys
tem; 
[0033] FIG. 9 is side elevation view of the primary reactor 
containment vessel showing various cross-section cuts to 
reveal equipment housed in and additional details of the con
tainment vessel: 
[0034] FIG. 10 is a top plan view thereof; 
[0035] FIG. 11 is a longitudinal cross-sectional view 
thereof taken along line XI-XI in FIG.10; 
[0036] FIG. 12 is a longitudinal cross-sectional view 
thereof taken along line XII-XII in FIG. 10; 
[0037] FIG. 13 is a transverse cross-sectional view thereof 
taken along line XIII-XIII in FIG. 9; 
[0038] FIG. 14 is a transverse cross-sectional view thereof 
taken along line XIV-XIV in FIG. 9; 
[0039] FIG. 15 is a trallsverse cross-sectional view thereof 
taken along line XV-XV in FIG. 9; 
[0040] FIG.16 is a partial longitudinal cross-sectional view 
of the nuclear reactor contaimnent system showing an auxil
iary heat dissipation system; 
[0041] FIG. 17 is an isometric view of the contaitlllent 
vessel with lower portions of the (substantially) radial fins of 
the containment vessel broken away in part to reveal vertical 
support colunn1s and circumferential rib; 
[0042] FIG. 18 is a longitudinal cross-sectional view of a 
portion of the heat dissipation system of FIG. 16 showing 
upper and lower ring headers and ducts attached to the shell of 
the contaimnent vessel; 
[0043] FIG. 19 is a schematic depiction of a generalized 
cross-section of the nuclear reactor contaillllent system and 
operation ofthe water filled annular reservoir to dissipate heat 
and cool the containment vessel during a thermal energy 
release event; 
[0044] FIG. 20 is a graph showing a typical heat generation 
curve of a light water reactor subsequent to a scram event: 
[0045] FIG. 21 is a schematic diagran1 of a submerged 
bundle heat exchanger (SBHX) according to the present dis
closure; 
[0046] FIG. 22 is schematic diagrmn showing a first 
embodiment of a reactor cooling system and corresponding 
method for cooling a reactor core; 
[0047] FIG. 23 is a schematic diagran1 showing a second 
embodiment of a reactor cooling system and corresponding 
method for cooling a reactor core; and 
[0048] FIG. 24 is a schematic diagram showing the flow of 
primary and secondary coolant through the reactor vessel and 
stemn generator. 
[0049] All drawings are schematic and not necessarily to 
scale. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

[0050] The features and benefits of the invention are illus
trated and described herein by reference to illustrative 
embodiments. This description of illustrative embodiments is 
intended to be read in connection with the accompalwing 
drawings, which are to be considered part of the entire written 
description. In the description of embodiments disclosed 
herein, any reference to direction or orientation is merely 
intended for convenience of description and is not intended in 
any way to limit the scope of the present invention. Relative 
terms such as "lower," "upper." "horizontal," "vertical,", 
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"above," "below," "up," "down," "top" and "bottom" as well 
as derivative thereof (e.g., "horizontally," "downwardly." 
"upwardly," etc.) should be construed to refer to the nominal 
orientation as then described or as shown in the drawing 
under discussion. These relative tenns are for convenience of 
description only and do not require that the apparatus be 
constructed or operated in a rigorously specific orientation 
denoted by the term. Terms such as "attached," "affixed," 
"connected," "coupled," "interconnected," and similar refer 
to a relationship wherein structures are secured or attached to 
one another either directly or indirectly through intervening 
structures, as well as both movable or rigid attachments or 
relationships, llllless expressly described otherwise. Accord
ingly, the disclosure expressly should not be limited to such 
illustrative embodiments illustrating some possible non-lim
iting combination of features that may exist alone or in other 
combinations of features. 

[0051] Referring to FIGS. 1-15, a nuclear reactor contain
ment system 100 according to the present disclosure is 
shown. The system100 generally includes an inner contain
ment structure such as containment vessel 200 and an outer 
contaill111ent enclosure stmcture (CES) 300 collectively 
defining a contaill111ent vessel-enclosure assembly 200-300. 
The contaill111ent vessel200 and contai1m1ent enclosure struc
ture (CES) 300 are vertically elongated and oriented, and 
define a vertical axis VA. 

[0052] In one embodiment, the contaill111ent vessel-enclo
sure assembly 200-300 is configured to be buried in the sub
grade at least partially below grade (see also FIGS. 6-8). The 
contaimnentvessel-enclosure assembly 200-300 may be sup
ported by a concrete foundation 301 comprised of a bottom 
slab 302 and vertically extending sidewalls 303 rising from 
the slab fom1ing a top base mat 304. The sidewalls 303 may 
circumferentially enclose contaill111ent vessel 200 as shown 
wherein a lower portion of the contaimnent vessel may be 
positioned inside the sidewalls. In some embodiments, the 
sidewalls 303 may be poured after placement of the contain
ment vessel200 on the bottom slab 302 (which may be poured 
and set first) thereby completely embedding the lower portion 
of the containment vessel 200 within the fmmdation. The 
foundation walls 303 may terminate below grade in some 
embodiments as shown to provide additional protection for 
the contaill111ent vessel-enclosure assembly 200-300 from 
projectile impacts (e.g. crashing plane, etc.). The foundation 
301 may have any suitable configuration in top plan view, 
including without limitation polygonal (e.g. rectangular, 
hexagon, circular, etc.). 

[0053] In one embodiment, the weight of the contaill111ent 
vessel200 may be primarily supported by the bottom slab 302 
on which the contaill111ent vessel rests and the contaill111ent 
enclosure structure (CES) 300 may be supported by the base 
mat 304 formed atop the sidewalls 303 of the foundation 301. 
Other suitable vessel and containment enclosure structure 
(CES) support arrangements may be used. 

[0054] With continuing reference to FIGS. 1-15, the con
taill111ent structure vessel 200 may be an elongated vessel 
including a hollow cylindrical shell 204 with circular trans
verse cross-section defining an outer diameter D 1, a top head 
206, and a bottom head 208. In one embodiment, the contain
ment vessel 200 (i.e. shell and heads) may be made ±rom a 
suitably strong and ductile metallic plate and bar stock that is 
readily weldable ( e.g.low carbon steel). In one embodiment, 
a low carbon steel shell204may have a thickness of at least 1 
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inch. Other suitable metallic materials of corresponding 
appropriate thickness including various alloys may be used. 
[0055] The top head 206 may be attached to the shell 204 
via a flanged joint 210 comprised of a first annular flange 212 
disposed on the lower end or bottom of the top head and a 
second mating annular flange 214 disposed on the upper end 
or top of the shell. The flanged joint 210 may be a bolted joint, 
which optionally may further be seal welded after assembly 
with a circumferentially extending ammlar seal weld being 
made between the adjoining flanges 212 and 214. 
[0056] The top head 206 of contaill111ent vessel200 may be 
an ASME (American Society of Mechanical Engineers) 
dome-shaped flanged and dished head to add stmctural 
strength (i.e. internal pressure retention and extemal impact 
resistance); however, other possible configurations including 
a fiat top head might be used. The bottom head 208 may 
similarly be a dome-shaped dished head or alternatively fiat in 
other possible embodiments. In one containment vessel con
struction, the bottom head 208 may be directly welded to the 
lower portion or end of the shell 204 via an integral straight 
flange (SF) portion ofthe head matching the diameter of shell. 
In one embodiment, the bottom of the containn1ent vessel200 
may include a ribbed support stand 208a or similar structure 
attached to the bottom head 208 to help stabilize and provide 
level support for the contaill111ent vessel on the slab 3 02 of the 
foundation 301, as fi1rther described herein. 
[0057] In some embodiments, the top portion 216 of the 
containment vessel shell204may be a diametrically enlarged 
segment of the shell that forms a housing to support and 
accommodate a polar crane (not shown) for moving equip
ment, fi1el, etc. inside the contaill111ent vessel. This will pro
vide crane access to the very inside periphery of the contain
ment vessel and enable placement of equipment very close to 
the periphery of the containment vessel200 making the con
taill111ent vessel structure compact. In one configuration, 
therefore, the above grade portion of the contaimnent vessel 
200 may resemble a mushroom-shaped structure. 
[0058] In one possible embodiment, the enlarged top por
tion 216 of containment vessel200 may have an outer diam
eter D2 that is larger than the outer diameter D 1 of the rest of 
the adjoining lower portion 218 of the containment vessel 
shell 204. In one non-limiting example, the top portion 216 
may have a diameter D2 that is approximately 10 feet larger 
than the diameter DL ofthelowerportion218 of the shell204. 
The top portion 216 of shell 204 may have a suitable height 
H2 selected to accollllllodate the polar crane with allowance 
for working clearances which may be less than 50% of the 
total height H1 of the containment vessel 200. In one non
limiting example, approximately the top ten feet of the con
tainment vessel 200 (H2) may be formed by the enlarged 
diameter top portion 216 in comparison to a total height H1 of 
200 feet of the contaill111ent vessel. The top portion 216 of 
contaill111ent vessel 200 may terminate at the upper end with 
flange 214 at the flanged connection to the top head 206 of the 
contaill111ent vessel. 
[0059] In one embodiment, the diametrically enlarged top 
portion 216 of contaill111ent vessel 200) has a diameter D2 
which is smaller than the inside diameter D3 of the contain
ment enclosure structure (CES) 300 to provide a (substan
tially) radial gap or secondary ammlus 330 (see, e.g. FIG. 4). 
This provides a cushion of space or buffer region between the 
contaim11ent enclosure structure (CES) 300 and contaill111ent 
vessel top portion 216 in the advent of a projectile impact on 
the contaim11ent enclosure structure (CES). Furthem1ore, the 
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annulus 330 further significantly creates a flow path between 
primary annulus 313 (between the shells of the contai1m1ent 
enclosure structure (CES) 300 and containn1ent vessel 200) 
and the head space 318 between the containn1ent enclosure 
structure (CES) dome 316 and top head 206 of the contain
ment vessel 200 for steam and/or air to be vented from the 
contailllllent enclosure structure (CES) as further described 
herein. Accordingly, the secondary ammlus 330 is in fluid 
commtmication with the primary annulus 313 and the head 
space 318 which in tum is in fluid conununication with vent 
317 which penetrates the dome 316. In one embodiment, the 
secondary aurmlus 330 has a smaller (substantially) radial 
width than the primary aurmlus 313. 
[0060] Referring to FIGS. 1-4, the contaimnent enclosure 
structure (CES) 300 may be double-walled structure in some 
embodiments having sidewalls 320 formed by two (substan
tially) radially spaced and interconnected concentric shells 
310 (inner) and 311 (outer) with plain or reinforced concrete 
312 installed in the annular space between them. The concen
tric shells 310, 311 may be made of any suitably strong 
material, such as for example without limitation ductile 
metallic plates that are readily weldable (e.g. low carbon 
steel). Other suitable metallic materials including various 
alloys may be used. In one embodiment, without limitation, 
the double-walled contailllllent enclosure structure (CES) 
300 may have a concrete 312 thickness of 6 feet or more 
which ensures adequate ability to withstand high energy pro
jectile impacts such as that from an airliner. 
[0061] The contaim11ent enclosure structure (CES) 300 cir
cmnscribes the contailllllent vessel shell 204 and is spaced 
(substantially) radially apart from shell204, thereby creating 
primary annulus 313. Annulus 313 may be a water-filled in 
one embodiment to create a heat sink for receiving and dis
sipating heat from the contailllllent vessel200 in the case of a 
them1al energy release incident inside the containment ves
sel. This water-filled ammlar reservoir preferably extends 
circumferentially for a full 360 degrees in one embodiment 
around the perimeter of upper portions of the contailllllent 
vessel shell 204 lying above the concrete foundation 301. 
FIG. 4 shows a cross-section of the water-filled annulus 313 
without the external (substantially) radial fins 221 in this 
figure for clarity. In one embodiment, the annulus 313 is filled 
with water from the base mat 304 at the bottom end 314 to 
approximately the top end 315 of the concentric shells 310, 
311 ofthe contailllllent enclosure structure (CES) 300 to fonn 
an annular cooling water reservoir between the contaimnent 
vessel shell204 and imler shell310 of the contaimnent enclo
sure structure (CES). This annular reservoir may be coated or 
lined in some embodiments with a suitable corrosion resistant 
material such as aluminum, stainless steel, or a suitable pre
servative for corrosion protection. In one representative 
example, without limitation, the ammlus 313 may be about 10 
feet wide and about 100 feet high. 
[0062] In one embodiment, the contailllllent enclosure 
structure (CES) 300 includes a steel dome 316 that is suitably 
thick and reinforced to harden it against crashing aircraft and 
other incident projectiles. The dome 316 may be removably 
fastened to the shells 310, 311 by a robust flanged joint 318. 
In one embodiment, the contailllllent enclosure structure 
(CES) 300 is entirely surrounded on all exposed above grade 
portions by the contailllllent enclosure structure (CES) 300, 
which preferably is sufficiently tall to provide protection for 
the contaimnent vessel against aircraft hazard or comparable 
projectile to preserve the structural integrity of the water mass 
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in the annulus 313 surrounding the contailnuent vessel. In one 
embodiment, as shown, the contailllllent enclosure structure 
(CES) 300 extends vertically below grade to a substantial 
portion of the distance to the top of the base mat 304. 

[0063] The contailllllent enclosure structure (CES) 300 
may f\.1rther include at least one rain-protected vent 317 which 
is in fluid com1mmication with the head space 318 beneath the 
dome 316 and water-filled mmulus 313 to allow water vapor 
to flow, escape, and vent to atmosphere. In one embodiment, 
the vent 317 may be located at the center of the dome 316. In 
other embodiments, a plurality of vents may be provided 
spaced (substantially) radially around the dome 316. The vent 
317 may be formed by a short section of piping in some 
embodiments which is covered by a rain hood of any suitable 
configuration that allows steam to escape from the contain
ment enclosure structure (CES) but minimizes the ingress of 
water. 

[0064] In some possible embodiments, the head space 318 
between the dome 316 and top head 206 of the contaimnent 
vessel200 may be filled with an energy absorbing material or 
structure to minimize the impact load on the contailllllent 
enclosure structure ( CES) dome 316 from a crashing (falling) 
projecting (e.g. airliner, etc.). In one example, a plurality of 
tightly-packed undulating or corrugated deformable alumi
nlllll plates may be disposed in part or all of the head space to 
form a crmnple zone which will help absorb and dissipate the 
impact forces on the dome 316. 

[0065] Referring primarily to FIGS. 1-5 and 8-17, the bur
ied portions ofthe contailllllent vessel200 within the concrete 
foundation 301 below the base mat 304may have a plain shell 
204 without external features. Portions of the contailllllent 
vessel shell 204 above the base mat 304, however, may 
include a plurality of longitudinal external (substantially) 
radial ribs or fins 220 which extend axially (substantially) 
parallel to vertical axis VA of the contaim11ent vessel-enclo
sure assembly 200-300. The external longitudinal fins 220 are 
spaced circumferentially around the perimeter of the contain
ment vessel shell204 and extend (substantially) radially out
wards from the contai1nnent vessel. 

[0066] The ribs 220 serve multiple advantageous functions 
including without limitation ( 1) to stiffen the contai1nnent 
vessel shell 204, (2) prevent excessive "sloshing" of water 
reserve in mmulus 313 in the occurrence of a seismic event, 
and (3) significantly to act as heat transfer "fins" to dissipate 
heat absorbed by conduction through the shell 204 to the 
envirmnnent of the annulus 313 in the situation of a fluid/ 
steam release event in the contailllllent vessel. 

[0067] Accordingly, in one embodiment to maximize the 
heat transfer effectiveness, the longitudinal fins 220 extend 
vertically for substantially the entire height of the water-filled 
annulus 313 covering the effective heat trm1sfer surfaces of 
the containn1ent vessel 200 (i.e. portions not buried in con
crete foundation) to transfer heat from the contailnnent vessel 
200 to the water reservoir, as further described herein. In one 
embodiment, the external longitudinal fins 220 have upper 
horizontal ends 220a which terminate at or proximate to the 
underside or bottom of the larger diameter top portion 216 of 
the contailllllent vessel 200, and lower horizontal ends 220b 
which terminate at or proximate to the base mat 304 of the 
concrete foundation 301. In one embodiment, the external 
longitudinal fins 220 may have a height H3 which is equal to 
or greater than one half of a total height of the shell of the 
contaim11ent vessel. 
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[0068] In one embodiment, the upper horizontal ends 220a 
of the longitudinal fins 220 are free ends not pern1anently 
attached (e.g. welded) to the contaimnent vessel200 or other 
structure. At least part of the lower horizontal ends 220b of the 
longitudinal fins 220 may abuttingly contact and rest on a 
horizontal circumferential rib 222 welded to the exterior sur
face of the containment vessel shell204 to help support the 
weight of the longitudinal fins 220 and minimize stresses on 
the longitudinal rib-to-shell welds. Circumferential rib 222 is 
mmular in shape and may extend a f'i.Jll 360 degrees com
pletely around the circumferential of the containment vessel 
shell 204. In one embodiment, the circumferential rib 222 is 
located to rest on the base mat 304 of the concrete foundation 
301 which trm1sfers the loads of the longitudinal fins 220 to 
the foundation. The longitudinal fins 220 may have a lateral 
extent or width that projects outwards beyond the outer 
peripheral edge of the circumferential rib 222. Accordingly, 
in this embodiment, only the im1er portions of the lower 
horizontal end 220b of each rib 220 contacts the circumfer
ential rib 222. In other possible embodiments, the circumfer
ential rib 222may extend (substantially) radially outwards far 
enough so that substantially the entire lower horizontal end 
220b of each longitudinal rib 220 rests on the circumferential 
rib 222. The lower horizontal ends 220b may be welded to the 
circumferential rib 222 in some embodiments to fi1rther 
strengthen and stiffen the longitudinal fins 220. 
[0069] The external longitudinal fins 220 may be made of 
steel (e.g. low carbon steel), or other suitable metallic mate
rials including alloys which are each welded on one of the 
longitudinally-extending sides to the exterior of the contain
ment vessel shell 204. The opposing longitudinally-extend
ing side of each rib 220 lies proximate to, but is preferably not 
permanently affixed to the interior of the inner shell31 0 of the 
contai1m1ent enclosure structure (CES) 300 to maximize the 
heat transfer surface of the ribs acting as heat dissipation fins. 
In one embodiment, the external longitudinal fins 220 extend 
(substantially) radially outwards beyond the larger dimneter 
top portion 216 of the contaimnent vessel 200 as shown. In 
one representative exmnple. without limitation, steel ribs 220 
may have a thickness of about 1 inch. Other suitable thickness 
of ribs may be used as appropriate. Accordingly, in some 
embodiments, the ribs 220 have a radial width that is more 
than 10 times the thickness of the ribs. 
[0070] In one embodiment, the longitudinal fins 220 are 
oriented at an oblique angle AI to containn1ent vessel shell 
204 as best shown in FIGS. 2-3 and 5. This orientation forms 
a crumple zone extending 360 degrees around the circumfer
ence of the containment vessel200 to better resist projectile 
impacts functioning in cooperation with the outer contain
ment enclosure structure (CES) 300. Accordingly, an impact 
causing inward deformation of the containment enclosure 
structure (CES) shells 210,211 will bend the longitudinal fins 
220 which in the process will distribute the impact forces 
preferably without direct transfer to and rupturing of the imter 
containment vessel shell 204 as might possibly occur with 
ribs oriented 90 degrees to the containment vessel shell 204. 
In other possible embodiments, depending on the construc
tion of the containment enclosure structure (CES) 300 and 
other factors, a perpendicular arrangement of ribs 220 to the 
containment vessel shell 204 may be appropriate. 
[0071] In one embodiment, referring to FIGS. 6-8, portions 
of the containment vessel shell204 having and protected by 
the external (substm1tially) radial fins 220 against projectile 
impacts may extend below grade to provide protection 
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against projectile strikes at or slightly below grade on the 
containment enclosure structure (CES) 300. Accordingly, the 
base mat 304 formed at the top of the vertically extending 
sidewalls 303 of the foundation 301 where the fins 220 ter
minate at their lower ends may be positioned a number of feet 
below grade to improve impact resistance of the nuclear reac
tor contaimnent system. 

[0072] In one embodiment, the containment vessel 200 
may optionally include a plurality of circumferentially 
spaced apart internal (substantially) radial fins 221 attached 
to the interior surface of the shell 204 (shown as dashed in 
FIGS. 2 and 3). Internal fins 221 extend (substantially) radi
ally inwards from containment vessel shell 204 and longitu
dinally in a vertical direction of a suitable height. In one 
embodiment, the internal (substantially) radial fins 221 may 
have a height substantially coextensive with the height of the 
water-filled mmulus 313 and extend from the base mat 304 to 
approximately the top of the shell204. In one embodiment, 
without limitation, the internal fins 221may be oriented sub
stantially perpendicular (i.e. 90 degrees) to the contaiument 
vessel shell 204. Other suitable angles and oblique orienta
tions may be used. The internal fins f\.mction to both increase 
the available heat transfer surface area attd structurally rein
force the containment vessel shell against external impact 
(e.g. projectiles) or internal pressure increase within the con
tainment vessel200 in the event of a containment pressuriza
tion event (e.g. LOCA or reactor scran1). In one embodiment, 
without limitation, the internal fins 221may be made of steel. 

[0073] Referring to FIGS.1-15, a plurality of vertical struc
tural support colunms 331 may be attached to the exterior 
surface of the containment vessel shell204 to help support the 
diametrically larger top portion 216 of containment vessel 
200 which has peripheral sides that are cantilevered (substan
tially) radially outwards beyond the shell 204. The support 
columns 331 are spaced circumferentially apart around the 
perimeter of containment vessel shell 204. In one embodi
ment, the support cohunns 331may be fanned of steel hollow 
structural members, for exmnple without limitation C-shaped 
members in cross-section (i.e. structural cham1els ), which are 
welded to the exterior surface of contaiument vessel shell 
204. The two parallel legs of the channels may be vertically 
welded to the contaiument vessel shell204 along the height of 
each support coltunn331 using either continuous or intermit
tent welds such as stitch welds. 

[0074] The support cohunns 331 extend vertically down
wards from and may be welded at their top ends to the bottom/ 
underside of the larger diameter top portion 216 of contain
ment vessel housing the polar crane. The bottom ends of the 
support colullllls 331 rest on or are welded to the circumfer
ential rib 222 which engages the base mat 304 of the concrete 
foundation 301 near the buried portion of the containment. 
The columns 331 help transfer part of the dead load or weight 
from the crane and the top portion 216 of the contaim11ent 
vessel 300 down to the foundation. In one embodiment, the 
hollow space inside the support colmnns may be filled with 
concrete (with or without rebar) to help stiffen and further 
support the dead load or weight. In other possible embodi
ments, other structural steel shapes including filled or unfilled 
box beams, I-bemns, tubular, angles, etc. may be used. The 
longitudinal fins 220 may extend farther outwards in a (sub
stantially) radial direction than the support colunms 331 
which serve a structural role rather than a heat transfer role as 
the ribs 220. In certain embodiments, the ribs 220 have a 



US 2014/0321596 AI 

(substantially) radial width that is at least twice the (substan
tially) radial width of support columns. 
[0075] FIGS. 11-15 show various cross sections (both lon
gitudinal and transverse) of containment vessel 200 with 
equipment shown therein. In one embodiment, the contain
ment vessel 200 may be part of a small modular reactor 
(SMR) system such as SMR -160 by Holteclnternational. The 
equipment may generally include a nuclear reactorvessel500 
disposed in a wet well 504 and defining an interior space 
housing a nuclear fuel core inside and circulating primary 
coolant, and a steam generator 502 fluidly coupled to the 
reactor and circulating a secondary coolant which may form 
part of a Rankine power generation cycle. Such a system is 
described for example in PCT International Patent Applica
tion No. PCT/US13/66777 filed Oct. 25,2013, which is incor
porated herein by reference in its entirety. Other appurte
nances and equipment may be provided to create a complete 
steam generation system. 
[0076] Auxiliary Heat Dissipation System 
[0077] Referring primarily now to FIGS. 2-3, 16, and 18, 
the containment vessel 200 may fi.1rther include an auxiliary 
heat dissipation system340 comprising a discrete set or array 
of heat dissipater ducts 610 (HDD). In one embodiment, the 
auxiliary heat dissipation system 340 and associated heat 
dissipater ducts 610 may form part of a passive reactor core 
cooling system described in further detail below and shown in 
FIGS. 22 and 23. 
[0078] Heat dissipater ducts 610 include a plurality ofinter
nallongitudinal ducts 341 (i.e. flow conduits) circumferen
tially spaced armmd the circumference of contaimnent vessel 
shell 204. Ducts 341 extend vertically parallel to the vertical 
axis VA and in one embodiment are attached to the interior 
surface of shell 204. The ducts 341 may be made of metal 
such as steel and are welded to interior of the shell204. In one 
possible configuration, without limitation, the ducts 341may 
be comprised of vertically oriented C-shaped structural chan
nels (in cross section) or half-sections of pipe/tube positioned 
so that the parallel legs of the channels or pipe/tubes are each 
seam welded to the shell 204 for their entire height to define 
a sealed vertical flow conduit. The fluid (liquid or steam 
phase) in the heat dissipater ducts in this embodiment there
fore directly contacts the reactor containment vessel 200 to 
maximize heat transfer through the vessel to the water in the 
annular reservoir (primary mmulus 313) which forms a heat 
sink for the reactor contaimnent vessel 200 and the heat 
dissipater ducts. Other suitably shaped and configured heat 
dissipater ducts 341 may be provided for this type construc
tion so long as the fluid conveyed in the ducts contacts at least 
a portion of the interior containment vessel shell204 to trans
fer heat to the water-filled annulus 313. 
[0079] In other possible but less preferred acceptable 
embodiments, the heat dissipater ducts 341 may be formed 
from completely tubular walled flow conduits (e.g. full cir
cumferential tube or pipe sections rather than half sections) 
which are welded to the interior contaimnent vessel shell204. 
In these type constructions, the fluid conveyed in the ducts 
341 will transfer heat indirectly to the reactor containment 
vessel shell204 through the wall of the ducts first, m1d then to 
the water-filled atmulus 313. 
[0080] Any suitable number and arrangement of ducts 341 
may be provided depending on the heat transfer surface area 
required for cooling the fluid flowing through the ducts. The 
ducts 341may be uniformly or non-uniformly spaced on the 
interior of the contaimnent vessel shell 204, and in some 
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embodiments grouped clusters of ducts may be circumferen
tially distributed around the contaimnent vessel. The ducts 
341 may have any suitable cross-sectional dimensions 
depending on the flow rate of fluid carried by the ducts and 
heat transfer considerations. 
[0081] The open upper and lower ends 341a. 341b of the 
ducts 341 are each fluidly com1ected to a common upper inlet 
ring header 343 and lower outlet ring header 344. The annular 
shaped ring headers 343, 344 are vertically spaced apart and 
positioned at suitable elevations on the interior of the con
taimnent vessel200 to maximize the transfer of heat between 
fluid flowing vertically inside ducts 341 and the shell204 of 
the containn1ent vessel in the active heat transfer zone defined 
by portions of the containment vessel having the external 
longitudinal fins 220 in the primary ammlus 313. To take 
advantage of the primary water-filled annulus 313 for heat 
transfer, upper and lower ring headers 343, 344 may each 
respectively be located on the interior of the containment 
vessel shell204 adjacent and near to the top and bottom ofthe 
annulus. 
[0082] In one embodiment, the ring headers 343, 344 may 
each be formed ofhalf-sections of arcuately curved steel pipe 
as shown which are welded directly to the interior surface of 
containment vessel shell 204 in the manner shown. In other 
embodiments, the ring headers 343, 344 may be formed of 
complete sections of arcuately curved piping supported by 
and attached to the interior of the shell 204 by any suitable 
means. 
[0083] In one embodiment, the heat dissipation system340 
is fluidly com1ected to a source of steam that may be gener
ated from a water mass inside the containment vessel 200 to 
reject radioactive material decay heat from the reactor core. 
The containment surface enclosed by the ducts 341 serves as 
the heat transfer surface to transmit the latent heat of the 
steam inside the ducts to the shell 204 of the containment 
vessel 200 for cooling via the external longitudinal fi.ns 220 
and water filled mmulus 313. In operation, steam enters the 
inlet ring header 343 and is distributed to the open inlet ends 
of the ducts 341 penetrating the header. The steam enters the 
ducts 341 and flows downwards therein along the height of 
the containment vessel shell 204 interior and undergoes a 
phase change from stemn (vapor) to liquid. The condensed 
steam drains down by gravity in the ducts and is collected by 
the lower ring header 344 from which it is returned back to the 
source of steam also preferably by gravity in one embodi
ment. It should be noted that no pumps are involved or 
required in the foregoing process. 
[0084] It will be appreciated that in certain embodiments, 
more than one set or array of heat dissipater ducts 610 may be 
provided and arranged on the inside surface of the inner 
containment vessel200 within the containment space defined 
by the vessel. 
[0085] Auxiliary Air Cooling System 
[0086] According to another aspect of the present disclo
sure, a secondary or backup passive air cooling system 400 is 
provided to initiate air cooling by natural convection of the 
containment vessel200 if, for some reason, the water inven
tory in the primary armulus 313 were to be depleted during a 
thermal reactor related event (e.g. LOCA or reactor scram). 
Referring to FIG. 8, the air cooling system 400 may be com
prised of a plurality of vertical inlet air conduits 401 spaced 
circumferentially around the containment vessel 200 in the 
primary annulus 313. Each air conduit 401 includes an inlet 
402 which penetrates the sidewalls 320 of the containment 
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enclosure structure (CES) 300 and is open to the atmosphere 
outside to draw in ambient cooling air. Inlets 402 are prefer
ably positioned near the upper end of the contaimnent enclo
sure structure's sidewalls 320. The air conduits 401 extend 
vertically downwards inside the atmulus 313 and terminate a 
short distance above the base mat 304 of the foundation (e.g. 
approximately I foot) to allow air to escape from the open 
bottom ends of the conduits. 
[0087] Using the air conduits 401, a natural convection 
cooling airflow pathway is established in cooperation with the 
annulus 313. In the event the cooling water inventory in the 
primary atmulus 313 is depleted by evaporation during a 
thennal event, air cooling automatically initiates by natural 
convection as the air inside the atmulus will continue to be 
heated by the containment vessel200. The heated air rises in 
the primary alUlu!us 313, passes through the secondary arum
Ius 330, enters the head space 318, and exits the dome 316 of 
the contaiillllent enclosure structure (CES) 300 through the 
vent 317 (see directional flow arrows, FIG. 8). The rising 
heated air creates a reduction in air pressure towards the 
bottom of the primary atmulus 313 sufficient to draw in out
side a111bient downwards through the air conduits 401 thereby 
creating a natural air circulation pattern which continues to 
cool the heated containment vessel200. Advantageously, tins 
passive air cooling system and circulation may continue for 
an indefinite period of time to cool the contaiillllent vessel 
200. 
[0088] It should be noted that the primary atmulus 313 acts 
as the ultimate heat sink for the heat generated inside the 
contaiillllent vessel 200. The water in this alllm!ar reservoir 
also acts to maintain the temperature of all crane vertical 
support co!UllUls 331 (described earlier) at essentially the 
sa111e temperature thus ensuring the levelness of the crane 
rails (not shown) at all times which are mounted in the larger 
portion216 of the contaiillllent vessel200. 
[0089] Operation of the reactor contaimnent system100 as 
a heat exchanger will now be briefly described with initial 
reference to FIG. 19. This figure is a simplified diagratillllatic 
representation of the reactor containment system1 00 without 
all of the appurtenances and structures described herein for 
clarity in describing the active heat transfer and rejection 
processes perfonned by the system. 
[0090] In the event of a loss-of-coolant (LOCA) accident, 
the high energy fluid or liquid coolant (which may typically 
be water) spills into the contaiillllent enviroillllent formed by 
the contaiillllent vessel 200. The liquid flashes instanta
neously into steam and the vapor mixes with the air inside the 
containment at1dmigrates to the inside surface of the contain
ment vessel 200 sidewalls or shell 204 (since the shell of the 
containment is cooler due the water in the allllulus 313). The 
vapor then condenses on the vertical shell walls by losing its 
latent heat to the contaiillllent structure metal which in turn 
rejects the heat to the water in the allllulus 313 through the 
longitudinal fins 220 and exposed portions of the shell 204 
inside the annulus. The water in the alUlu!us 313 heats up and 
eventually evaporates forming a vapor which rises in the 
annulus and leaves the contaimnent enclosure structure 
(CES) 300 through the secondary mmulus 330, head space 
318, and finally the vent 317 to atmosphere. 
[0091] As the water reservoir in atmulus 313 is located 
outside the contaimnent vessel envirolllllent, in some 
embodiments the water inventory may be easily repletlished 
using external means if available to compensate for the 
evaporative loss of water. However, if no replenishment water 
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is provided or available, then the height of the water column 
in the annulus 313 will begin to drop. As the water level in the 
annulus 313 drops, the contaimnent vessel200 also starts to 
heat the air in the mmulus above the water leveL thereby 
rejecting a portion of the heat to the air wllich rises and is 
vented from the contaiillllent enclosure structure (CES) 300 
through vent 317 with the water vapor. When the water level 
drops sufficiently such that the open bottom ends of the air 
conduits 401 (see, e.g. FIG. 8) become exposed above the 
water line, fresh outside a111bient air will then be pulled in 
from the air conduits 401 as described above to itlitiate a 
natural convection air circulation pattern that continues cool
ing the containment vessel200. 
[0092] In one embodiment, provisions (e.g. water inlet line) 
are provided through the contaimnent enclosure structure 
(CES) 300 for water replenishment in the annulus 313 
although this is not required to insure adequate heat dissipa
tion. The mass of water inventory in this alUlu!ar reservoir is 
sized such that the decay heat produced in the contaiillllent 
vessel200 has declined sufficiently such that the containment 
is capable of rejecting all its heat through air cooling alone 
once the water inventory is depleted. The containment vessel 
200 preferably has sufficient heat rejection capability to limit 
the pressure m1d temperature of the vapor mix inside the 
contaiillllent vessel (within its design limits) by rejecting the 
thermal energy rapidly. 
[0093] In the event of a station blackout, the reactor core is 
forced into a "scram" and the passive core cooling systems 
will reject the decay heat of the core in the form of steam 
directed to upper inlet ring header 343 of heat dissipation 
system340 already described herein (see, e.g. FIGS. 16 and 
18). The steam then flowing downwards through the network 
of internal longitudinal ducts 341 comes in contact with the 
containment vessel shell204 interior surface enclosed within 
the heat dissipation ducts and condenses by rejecting its latent 
heat to the containment structure metal, which in turn rejects 
the heat to the water in the mmulus via heat transfer assistance 
provide by the longitudinal fins 220. The water in the annular 
reservoir (primary annulus 313) heats up eventually evapo
rating. The contaiillllent vessel 200 rejects the heat to the 
annulus by sensible heating and then by a combination of 
evaporation and air cooling, and then further eventually by 
natural convection air cooling only as described herein. As 
mentioned above, the reactor contaimnent system 100 is 
designed and configured so that air cooling alone is sufficient 
to reject the decay heat once the effective water inventory in 
annulus 313 is entirely depleted. 
[0094] In both these foregoing scenarios, the heat rejection 
can continue indefinitely until alternate means are available to 
bring the plant back online. Not only does the system operate 
indefinitely, but the operation is entirely passive without the 
use of any pumps or operator intervention. 
[0095] Passive Reactor Cooling System 
[0096] According to another aspect of the invention, a pas
sive gravity-drivennuclear reactor cooling system is provided 
to reject the reactor's decay heat during a reactor shutdown 
(e.g. "scram") without any reliance on and drawbacks of 
pillllps and motors. In one embodiment, a passive nuclear 
reactor shutdown cooling system 600 may comprise a sub
merged bundle cooling system 602 (SBCS) including com
ponents generally shown in FIGS. 21-23. 
[0097] The submerged bundle cooling system 602 is pref
erably a closed loop pressurized flow system comprised of 
three major parts or sub-systems, namely (i) a submerged 



US 2014/0321596 AI 

bundle heat exchanger 620 (SBHX), (ii) a discrete set or array 
ofheat dissipater ducts 610 (HDD) integrally connected to the 
inner wall of the containment structure (described in detail 
above), and (iii) the steam generator 502 with superheater or 
reactor pressure vessel500 as further described herein. Steam 
and condensate flow paths are established between these 
components as described below. The submerged bundle cool
ing system 602 is configured to utilize the secondary steam in 
the steam generator to extract the thermal energy generated 
by the fuel core in a closed loop process during a reactor 
shutdown that can continue indefinitely in the absence of a 
ready source of electric power. 
[0098] Steam generator 502 is more fully described in 
International PCT Application No. PCT/US13/38289 filed 
Apr. 25, 2013, which is incorporated herein by reference in its 
entirety. As described therein and shown in FIGS.ll, 12, and 
24 of the present application, the steam generator 502 may be 
vertically oriented and axially elongated similarly to sub
merged bundle heat exchanger 620. The steam generator 502 
may be comprised of a set of tubular heat exchangers 
arranged in a vertical stack configured to extract the reactor's 
decay heat from the primary coolant by gravity-driven pas
sive flow means. 
[0099] The circulation flow loops of primary coolant (liq
uid water) and secondary coolant (liquid feedwater and 
steam) through the reactor vessel and steam generator during 
normal operation of the reactor and power plant with an 
available electric supply produced by the station turbine
generator (T-G) set is shown in FIG. 24 herein. The primary 
coolant flow between the fluidly coupled steam generator 502 
and reactor vessel 500 forms a first closed flow loop for 
purposes of the present discussion. In one embodiment, the 
primary coolant flow is gravity-driven relying on the change 
in temperature and corresponding density of the coolant as it 
is heated in the reactor vessel 500 by nuclear fuel core 501, 
and then cooled in the steam generator 502 as heat is trans
ferred to the secondary coolant loop of the Rankine cycle 
which drives the turbine-generator set. The pressure head 
created by the changing different densities of the primary 
coolant (i.e. hot-lower density and cold-higher density) 
induces flow or circulation through the reactor vessel-steam 
generating vessel system as shown by the directional flow 
arrows. 
[0100] In general with respect to the first closed flow loop, 
the primary coolant is heated by the nuclear f\Jel core 501 and 
flows upwards in riser column 224. The primary coolant from 
the reactor vessel500 then flows through the primary coolant 
fluid coupling 273 between the reactor vessel 500 and steam 
generator 502 and enters the steam generator. The primary 
coolant flows upward in the centrally located riser pipe 337 to 
a pressurizer 380 at the top of the steam generator. The pri
mary coolant reverses direction and flows down through the 
tube side of the steam generator 502 and returns to the reactor 
vessel 500 through the fluid coupling 273 where it enters an 
annular downcomer 222 to complete the primary coolant flow 
loop. 
[0101] The steam generator 502 may include three verti
cally stacked heat transfer sections-from bottom up a pre
heater section 351, steam generator section 352, and super
heater section350 (see, e.g. FIGS.ll, 12, and 24 ). Secondary 
coolant flows on the shellside of the steam generator 502 
vessel. Secondary coolant in the form of liquid feedwater 
from the turbine-generator (T-G) set of the Rankine cycle 
enters the steam generator at the bottom in the preheater 
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section 351 and flows upwards through the steam generator 
section 352 being converted to steam. The steam flows 
upwards into the superheater section 350 and reaches super
heat conditions. From there, the superheated steam is 
extracted and flows to the T-G set to produce electric power. 

[0102] Referring now to FIGS. 21-23, the submerged 
bundle heat exchanger 620 includes a pressure vessel 621 
defining a longitudinal axis LA and having a hollow cylindri
cal shell625 defining an internal cavity 626 and opposing top 
and bottom heads 622, 623 on opposite ends 624, 627 of the 
shell. The heads 622, 623 may be any suitable type and 
configuration, including fiat, spherical, hemi-spherical, etc. 
Internal cavity 626 extends completely between the top and 
bottom heads 622, 623. The pressure vessel 621 may be 
axially elongated in shape and have a vertical orientation in 
one embodiment as shown to promote gravity flow. Prefer
ably, the heat exchanger 620 is mounted and disposed inside 
the inner vessel 202 of the containment structure 200 above 
the reactor vessel500 and in relatively close proximity to the 
steam generator 502. The close coupling of the heat 
exchanger 620 and steam generator 502 minimizes steam and 
condensate piping run lengths (see also FIGS.ll and 13) and 
conserves horizontal space thereby minimizing the diameter 
needed for the containment vessel 200 to house the reactor 
vessel 500, steam generator 502, and heat exchanger. Any 
suitable structural base 650 may be provided to mount and 
support the heat exchanger 620 from the inner containment 
vessel 200 preferably from a structural steel and/or concrete 
platform or floor in the vessel to adequately support the 
weight of the heat exchanger. 

[01 03] A reserve or inventory (i.e. volume) of cooling water 
W (liquid) is held in the heat exchanger pressure vessel 621 
which acts as a heat sink for cooling the secondary coolant 
during reactor shutdown event, as further described herein. 
Accordingly, the cooling water W serves as a heat sink of a 
third coolant which has an initial temperature which is less 
than the initial temperature of the secondary coolant during a 
shutdown. 

[01 04] The submerged bundle heat exchanger 620 may be a 
relatively a large cylindrical pressure vessel 621 housing a 
comparatively smaller heat exchanger tube bundle 630 dis
posed inside as shown in FIG. 21. In one example, without 
limitation, pressure vessel621 may have an outer diameter of 
approximately 10 feet and a height of approximately 20 feet 
whereas the tube bundle 630 housed therein may be circular 
in transverse shape having a diameter of approximately 4 feet 
and a height less than the height of the pressure vessel. Other 
suitable dimensions may be provided. Accordingly, the tube 
bundle 630 in this embodiment does not substantially fill the 
entire cavity 626 of the pressure vessel 621. 

[0105] Preferably, the tube bundle 630 may be positioned 
closer to the bottom end 627 and head 623 than the top end 
624 and head 622 (see, e.g. FIG. 21). This positioning helps 
ensure that the tube bundle 630 remains substantially sub
merged for a m~jority or preferably all of its height in the 
inventory ofliquid water W stored in the pressure vessel621. 
Accordingly. in some embodiments the tube bundle 630 is 
completely surrounded by and immersed in the liquid con
densate on all sides and parts. The tube bundle 630 may be 
elevated and spaced apart above the bottom head 623 of the 
heat exchanger pressure vessel 625 to provide a sufficient 
depth of water beneath the bundle to permit flow beneath the 
tube bundle on the shellside of the vessel. Any suitable 
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arrangement of stmctural supports and brackets inside the 
pressure vessel625 to fixedly support the tube bundle assem
bly 630 may be used. 
[01 06] Pressure vessel 621 may be made of any suitable 
metal capable of withstanding the steam and operating pres
sures anticipated from the steam generator 502. In some 
embodiments, pressure vessel 621 may be formed of a cor
rosion resistant material such as without limitation stainless 
steel. Other corrosion resistant metallic materials may be 
used. 
[0107] The tube bundle 630 is disposed in cavity 626 of the 
pressure vessel 621. In one non-limiting configuration, tube 
bundle 630 assembly may include an inlet flow plenum 631 
defining a top tube sheet 632, an outlet flow plenum 633 
defining a bottom tube sheet 634 and spaced apart from the 
top tube sheet, and a plurality of tubes 635 extending between 
and fluidly coupled to the top and bottom tube sheets. The 
tube sheets 632, 634 each include a plurality of flow openings 
636, 637 respectively which are in fluid commnnication with 
the inlet and outlet flow plenums 631, 633 and tubes 635. In 
operation and description of the flow path, flow enters the 
inlet flow plenm 631 and through openings 636 into one end 
of the tubes 635, exits the opposite end of the tubes 635 
through openings 637 into outlet plenm 633, and leaves the 
outlet plenum. 
[0108] In one embodiment, the tubes 635 of tube bundle 
630 may be axially elongated and vertically oriented as 
shown. Other orientations are possible however such as hori
zontal, and angled between horizontal and vertical. The tubes 
635may have any suitable shape including without limitation 
straight, curvilinear such as helically coiled (see, e.g. FIG. 21) 
or another curvilinear configuration, or other appropriate 
shape. In one preferred embodiment, the tubes may have a 
curvilinear shape which maximizes available heat transfer 
surface area without requiring as much height as straight 
tubes having the same surface area. Any suitable diameter 
tubes and tube arrangcmcnt/pattcm may be used. For 
example, single or multiple rows of tubes 635 may be pro
vided; the number being dependent at least in part on the heat 
transfer requirements for the heat exchanger 620. In one 
embodiment, the tube bundle 630 may have a generally cir
cular shape in transverse cross section. 
[0109] Tubes 635may be fonncdofany suitable preferably 
corrosion resistant metal having conductive heat transfer 
properties suitable for a given application. Some non-limiting 
examples of the tube materials that may be used include 
stainless steel, aluminum, titanim, corrosion resistant steel 
alloys, Inconeli.ID, Monel@, or others. 
[0110] The inlet and outlet flow plenums 631 and 633 each 
comprise a substantially hollow outer body of any suitable 
shape forming a pressure boundary and an open interior ple
num. The tube sheets 632, 634 may have any suitable thick
ness and shape in plane including planar and arcuate (e.g. if 
the plenums are shapes as pipe sections) and in top plan view 
(e.g. circular for a ronnd cross-sectional tube bundle). The 
tube sheets and plenums may be formed of any suitable cor
rosion resistant metal or metal alloy, some examples of which 
are mentioned above with respect to possible materials for 
tubes 635. 
[0111] The submerged bundle heat exchanger 620 may 
variously be fluidly interconnected with and coupled to the 
steam generator 502, rector vessel 500, and heat dissipater 
ducts 610 by suitable steam and condensate piping 603 shown 
in FIGS. 22 and 23. The piping 603 is configured to establish 
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the flow paths shown in these figures. Any suitable type of 
piping and materials may be used for piping 603 which may 
depend in part on whether the piping mn is for conveying 
condensate or steam and their associated service tempera
tures and pressures anticipated. In some embodiments, for 
example without limitation, the piping preferably may be 
made of a corrosion resistant metal such as stainless steel or 
steel alloy. It is well within the ambit of those skilled in the art 
to select and design appropriate piping and related appurte
nances such as valving. Notably, no pumps are involved to 
establish the flow paths shown in FIGS. 22 and 23 which are 
gravity driven. 
[0112] Operation of the reactor cooling system 600 will 
now be briefly described. During the postulated reactor shut
down event such as a station black-out or similar event 
wherein power generation from the turbo-generator ceases 
and the normal non-safety active systems are unavailable, the 
main steam and main feedwater isolation valves (not shown) 
are first closed to isolate the steam generator 502 from the 
extra-contaiment power generation portion of Rankine 
cycle. Accordingly, the isolation valves shut off steam flow 
from the steam generator 502 to the turbine-generator (T-G) 
set and fcedwatcr flow back to the steam generator rctumed 
from the T-G set in a well-known manner to those skilled in 
the art without further elaboration. Excess steam may first be 
dmped to the atmosphere before closing the main isolation 
valves. Closing the main isolation valves activates the reactor 
core cooling system 600. Two potential operating scenarios or 
methods for employing the cooling system 600 are disclosed 
and described in further detail below which passively (i.e. 
without electric power) continue cooling the reactor in the 
event of a shutdown to remove decay heat using the sub
merged bundle cooling system 602. 
[0113] In a first operating scenario or method for cooling 
the reactor shown in FIG. 22, the steam produced in the steam 
generator 502 on the shellside in the upper half of the steam 
generator vessel (by residual decay heat generated from the 
now shut down reactor) is extracted and routed to the sub
merged bnndle heat exchanger 620 where it condenses inside 
the tubes 635 of the submerged bnndle heat exchanger 620 
(see also FIG. 21). The condensing steam gives up its latent 
heatto the volume or inventory of water W (the third coolant) 
stored in the shellside of the submerged bundle heat 
exchanger pressure vessel 621 surrounding the tube bundle 
630. 
[0114] In one embodiment, the tube bundle 630 may be 
completely submerged in the inventory of water W inside the 
heat exchanger 620 so that the water provides the cooling 
medim on the outside of the tubes 635 for condensing the 
steam. In one embodiment, the tube bundle 630 preferably 
may be positioned near the longitudinal axis LA coinciding 
with the axial centerline of the submerged bundle heat 
exchanger 620 to evenly surronnd the tube bnndle with water 
Won all sides to promote tmiform cooling of all tubes 635 in 
bundle. Other mounting positions of the tube bnndle however 
are possible. The inflow of steam and outflow of collected 
condensate may be controlled and maintained passively by 
appropriate design of the valving, piping, or other flow con
trol devices (e.g. orifices, etc.) that do not rely on electric or 
another power source for operation. 
[0115] On the tube side of the heat exchanger tube bundle 
630, steam extracted from the steam generator 502 may enter 
the heat exchanger pressure vessel 621 at any convenient 
location. In one embodiment, the steam inlet piping 603 may 
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penetrate laterally through the pressure vessel shell 625 and 
piping may extend inside the heat exchanger pressure vessel 
621 to the inlet plenum 631 of tube bundle 630 to which it is 
fluidly coupled. Other steam inlet locations may be used such 
as without limitation through the top head 622. 
[0116] The condensate collected in the lower plenUlll 633 
of the tube bundle 630 is then returned to the shells ide of the 
steam generator 502 via piping 603, purely by natural gravity 
flow. The condensate outlet piping 503 may be located in the 
general vicinity towards or near the bottom 627 of the heat 
exchanger pressure vessel 621 and is reintroduced back into 
the steam generator 502 at an injection point (e.g. preheater 
351 section) lower than the extraction point of steam from the 
steam generator (e.g. superheater section 350) which is sup
plied to the submerged bundle heat exchanger 620. A second 
closed flow loop is established between the steam generator 
502 and tube side of the submerged bundle heat exchanger 
620 (i.e. tube bundle 630). Appropriate piping may be routed 
inside the pressure vessel621 between the lower plenum 633 
and shell 625 of the vessel which is then coupled to the 
condensate outlet piping 503 connected to the steam genera
tor 503. 
[0117] With continuing reference to the first operating sce
nario or method shown FIG. 22, the inventory of water W 
outside the tubes 635 in the shell side ofthe submerged bundle 
heat exchanger pressure vessel 621 (which is fluidly isolated 
and separated from condensate on the tube side of the tube 
bundle 630) is heated by condensing steam inside the tube 
bundle which transfers it heat to the water. The water W acts 
as a heat sink for cooling the secondary coolant during reactor 
shutdown event. Accordingly, the water W serves as a third 
coolant which has an initial temperature that is less than the 
initial temperature of the secondary coolant during a shut
down. The water W gradually heats up during the reactor 
shutdown process. After a period of time, the water W reaches 
the boiling point temperature at which a portion of the water 
inventory is converted to steam. The steam accumulates in a 
steam space fom1ed above the water line L in the pressure 
vessel 621 beneath the top head 622. 
[0118] To cool the inventory of water W (third coolant) 
which provides the cooling fluid for condensing the second
ary coolant steam inside the tube bundle 630, the accumulated 
steam on the shellside is extracted and routed via suitable 
piping 603 to the heat dissipater ducts 610 of the auxiliary 
heat dissipation system 340 described in detail above. The 
steam flows through the heat dissipater ducts 610 and is 
condensed in the manner already described. Specifically, the 
water in the mmular reservoir (primary annulus 313) as a 
temperature lower than the temperature of the third coolant 
steam to form a heat sink for condensing the third coolant 
steam which transfers heat to the reservoir. The condensate is 
then returned to the submerged bm1dle heat exchm1ger 620 via 
suitable piping 603 and enters the shellside of the pressure 
vessel621 where it is reintroduced into the inventory of water 
W. This cooling system helps to substantially maintain the 
water level keeping the tube bm1dle 630 submerged in water 
W beneath the water line L. This system further forms a third 
closed flow loop of steam and condensate using the heat 
dissipater ducts 610 to condense the steam which is distinct 
and isolated from the second closed flow loop formed on the 
tube side ofthe submerged bundle heat exchanger 620 and the 
stem11 generator 502. In summary, the first and second closed 
flow loops described herein fi.mction to cool the primary 
coolant m1d secondary coolant, respectively. The third closed 
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flow loop cools the cooling fluid ofthe submerged bundle heat 
exchanger 620 (i.e. heat sink of water formed by inventory of 
water W) which indirectly contributes to cooling the second
ary coolm1t vis-a-vis the tube bundle 630. 
[0119] In the alternative second operating scenario or 
method for cooling the reactor shown in FIG. 23, the primary 
coolant in the reactor vessel 500 is directly cooled by the 
submerged bundle heat exchanger 620 rather than using the 
steam continuing to be produced in the steam generator 502 
by the reactor decay heat. In this process arrangement, once 
the steam and feedwater isolation valves are closed, the hot 
primary coolant from the riser colurnn 224 of the reactor 
pressure vessel ("hot leg") is routed via piping 603 directly to 
the tubes ide of tube bundle 630 in the submerged bundle heat 
exchanger 620 (see FIGS. 23 and 24). The primary coolant 
will cool by rejecting its heat to the shell side water W in the 
submerged bundle heat exchanger 620 in a very much similar 
mmmer shown in FIG. 22 and described above while flowing 
downwards inside the tubes 635. A difference being that the 
primary coolant always remains substantially in liquid state 
during this entire cooling process and also when circulating 
through the reactor vessel500. This cooling creates a natural 
circulation flow due to the buoym1cy head created by the 
density difference between the hot primary coolant at the inlet 
to the submerged bundle heat exchanger 620 and the cold 
primary coolant at the outlet of the heat exchanger. The cooler 
primary coolant is routed via suitable piping 603 and re
introduced back into the annular downcomer 222 region of 
the reactor vessel 500 ("cold leg"). The submerged bundle 
heat exchanger 620 higher elevation with respect to the reac
tor vessel 500 and the size of the piping 603 that routes the 
primary coolant to the heat exchanger may be designed to 
ensure that there is adequate natural circulation flow to reject 
the heat from the core to the shellside water W in the heat 
exchanger. 
[0120] In both the first and second methods for cooling the 
reactor described above, the quantity of water Win cavity 626 
of the submerged bundle heat exchanger 620 is preferably 
sufficient to remove the decay heat from the reactor core (via 
the primary coolant) through sensible heating of shellside 
water in the early phase of the postulated reactor shutdown 
event when the decay heat generation is at its highest. The 
may be accomplished in part by adequately sizing the storage 
volume and size of the submerged bundle heat exchanger 
pressure vessel 621. 
[0121] The operational interaction of the reactor cooling 
system 600 and air cooling system 400 of the contaiUlllent 
stmcture will be briefly described. As described above, the 
remainder of the heat not used in condensing steam inside the 
tube bundle 630 of the heat exchanger 620 leads to the pro
duction of steam in the shellside of the heat exchanger by 
heating the inventory of water W. This shellside steam is 
routed to the heat dissipater ducts 610 where the steam con
denses by rejecting its latent heat to the containment structure 
(e.g. inner contail11llent vessel200). The containment vessel 
200 rejects the heat to the water in the aunulus 313 between 
the contail11llent stmcture and the contail11llent enclosure 
stmcture 300 (and eventually to the ultimate heat sink or 
atmosphere) of the passive reactor contail11llent protection 
system described herein. The condensed steam from the heat 
dissipater ducts 610 then drains back to a collection manifold 
(lower outlet ring header 344 shown in FIGS. 16 and 18) 
which in tum routes the condensate back to the submerged 
bundle heat exchm1ger 620 purely by gravity. As the cooling 
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water inventory in the annulus 313 between the inner contain
ment vessel 200 and outer contai1nnent enclosure structure 
300 evaporates, the exposed inner contaimnent vessel 200 
will heat reject heat to the air now occupying the ammlus 313 
by natural convection. A fresh supply of air is provided by the 
inlet air conduits 401 (through suction) spaced circumferen
tially around the containn1ent vessel200 in the primary mmu
lus 313 (sec, e.g. FIG.16 and foregoing description). Once all 
the water in the annular 313 has evaporated, the contaimnent 
vessel200 will continue to reject heat by air cooling alone.Air 
cooling after a prolonged period of water cooling (which 
removes a significant portion of reactor decay heat) is suffi
cient to remove all the decay heat. Since the submerged 
bundle cooling system 602 is a closed loop natural flow sys
tem, the cooling process can continue indefinitely. 
[ 0122] It will be appreciated that variations and combina
tions of the foregoing two methods may be used to passively 
cool the reactor during a powerless reactor shutdown event. 
[0123] While the foregoing description and drawings rep
resent some example systems, it will be understood that vari
ous additions, modifications and substitutions may be made 
therein without departing from the spirit and scope and range 
of equivalents of the accompanying claims. In particular, it 
will be clear to those skilled in the art that the present inven
tion may be embodied in other forms, structures, arrange
ments, proportions, sizes, and with other elements, materials, 
and components, without departing from the spirit or essen
tial characteristics thereof. In addition, numerous variations 
in the methods/processes described herein may be made. One 
skilled in the art will further appreciate that the invention may 
be used with many modifications of structure, arrangement, 
proportions, sizes, materials, and components and otherwise, 
used in the practice of the invention, which are particularly 
adapted to specific enviromnents and operative requirements 
without departing from the principles of the present inven
tion. The presently disclosed embodiments are therefore to be 
considered in all respects as illustrative and not restrictive, the 
scope of the invention being defined by the appended claims 
and equivalents thereof, and not limited to the foregoing 
description or embodiments. Rather, the appended claims 
should be construed broadly, to include other variants and 
embodiments of the invention, which may be made by those 
skilled in the art without departing from the scope and range 
of equivalents of the invention. 

What is claimed is: 
1. A passive nuclear reactor shutdown cooling system com

prising: 
a reactor vessel housing a nuclear fhel core, the reactor 

vessel containing a primary coolant heated by the fuel 
core; 

a steam generator fluidly coupled to the reactor vessel and 
containing a liquid secondary coolant; 

the primary coolant circulating in a first closed flow loop 
between the reactor vessel and steam generator, the pri
mary coolant transferring heat to the secondary coolant 
in the steam generator and producing secondary coolant 
steam; 

a heat exchanger including an inventory of a liquid third 
coolant and a tube bundle, the tube bundle submerged in 
the third coolant; 

the secondary coolant circulating via gravity flow in a 
second closed flow loop between the submerged tube 
bundle and the steam generator; 
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wherein the secondary coolant steam is extracted from the 
steam generator and flows in the second closed flow loop 
to the tube bundle, condenses forming condensate, and 
the condensate flows back to the steam generator. 

2. The system according to claim 1, wherein steam is 
extracted at a higher location from the steatn generator than 
where the condensate returns to the steatn generator. 

3. The system according to claim 1, wherein the reactor 
vessel, steam generator, and heat exchanger are commonly 
disposed inside a metal reactor containn1ent vessel. 

4. The system according to claim 1, wherein the reactor 
vessel, steam generator, and heat exchanger are all vertically 
elongated in shape. 

5. The system according to claim1, wherein the condens
ing secondary coolant steam transfers heat to the inventory of 
liquid third coolant in the heat exchanger and produces third 
coolant steam. 

6. The system according to claim 5, wherein the third 
coolant steatn is extracted from the heat exchanger and flows 
in a third closed flow loop to an array ofheat dissipater ducts, 
condenses forming liquid third coolant and the liquid third 
coolant flows back to the heat exchanger, thereby replenish
ing the inventory ofliquid third coolant. 

7. The system according to claim 6, wherein the heat dis
sipater ducts are integrally attached to the reactor contain
ment vessel, the third coolant steam transferring heat via the 
heat dissipater ducts to the reactor containment vessel and 
condenses into liquid third coolant. 

8. The system according to claim 3, further comprising a 
reservoir containing water surrounding the reactor contain
ment enclosure. 

9. The system according to claim 8, wherein the water in 
the reservoir has a temperature lower than the temperature of 
the third coolant steam to form a heat sink for condensing the 
third coolant steam. 

10. The system according to claim 8, wherein the reservoir 
has an annular shape and is formed between the reactor con
taimnent vessel and an outer contaimnent enclosure structure. 

11. A passive nuclear reactor shutdown cooling system 
comprising: 

a reactor vessel housing a nuclear fhel core, the reactor 
vessel containing a primary coolant heated by the fuel 
core; 

a heat exchanger including an inventory of cooling water 
and a tube bundle, the tube bundle submerged in the 
cooling water; 

the primary coolant circulating via gravity flow in a first 
closed flow loop between the submerged tube bundle 
and the reactor vessel; 

wherein the primary coolant transfers heat to the inventory 
of cooling water in the heat exchanger and is cooled 
before flowing back to the reactor vessel. 

12. The system according to claim11, wherein the reactor 
vessel and heat exchanger are commonly disposed inside a 
metal reactor contaimnent vessel. 

13. The system according to claim 11, wherein the con
densing secondary coolant steam transfers heat to the inven
tory of cooling water in the heat exchanger and produces 
steatn. 

14. The system according to claim13, wherein the steam is 
extracted ±rom the heat exchanger and flows in a second 
closed flow loop to an array of heat dissipater ducts, con
denses, and flows back to the heat exchanger, thereby replen
ishing the inventory of cooling water in liquid phase. 
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15. The system according to claim 14, wherein the heat 
dissipater ducts are integrally attached to a reactor contain
ment vessel, the steam transferring heat via the heat dissipater 
ducts to the reactor containment vessel and condenses. 

16. The system according to claim 15, further comprising a 
reservoir containing water surrounding the reactor contain
ment enclosure, wherein the water in the reservoir has a 
temperature lower than the temperature of the steam forming 
a heat sink for condensing the steam. 

17. The system according to claim 16, wherein the reser
voir has an annular shape and is formed between the reactor 
containment vessel and an outer containment enclosure stmc
ture. 

18. A method for passively cooling a nuclear reactor after 
shutdown, the method comprising: 

heating a primary coolant in a reactor vessel with a nuclear 
fuel core; 

heating a secondary coolant in a steam generator with the 
heated primary coolant to produce secondary coolant 
steam; 

extracting the secondary coolant steam from the steam 
generator; 

flowing the extracted secondary coolant steam through a 
tube bundle submerged in an inventory of cooling water 
in a pressure vessel; 

condensing the secondary coolant steam fanning a second
ary coolant condensate; and 

returning the secondary coolant condensate to the steam 
generator; 

wherein the secondary coolant steam and condensate cir
culates through a first closed flow loop between the tube 
bundle and steam generator. 

19. The method according to claim 18, further comprising: 
heating of the cooling water in the pressure vessel by the 

secondary coolant steam; 
converting a portion of the cooling water into steam phase; 
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extracting the cooling water steam from the pressure ves
sel; 

flowing the extracted cooling water steam through heat 
dissipater ducts attached to a reactor contaimnent vessel 
in thermal communication with a heat sink; 

condensing the cooling water steam; and 
returning the condensed cooling water to the pressure ves

sel to replenish the inventory of cooling water. 
20. A method for passively cooling a nuclear reactor after 

shutdown, the method comprising: 
heating a primary coolant in a reactor vessel with a nuclear 

fl!el core; 
extracting the heated primary coolant from the reactor 

vessel; 
flowing the heated primary coolant through a tube bundle 

submerged in an inventory of cooling water in a pressure 
vessel; 

cooling the heated primary coolant to lower its tempera
ture; and 

returning the cooled primary coolant to the reactor vessel; 
wherein the primary coolant circulates through a first 

closed flow loop between the tube bundle and reactor 
vessel. 

21. The method according to claim20, further comprising: 
heating of the cooling water in the pressure vessel by the 

secondary coolant steam; 
converting a portion of the cooling water into steam phase; 
extracting the cooling water steam from the pressure ves

sel; 
flowing the extracted cooling water steam through heat 

dissipater ducts attached to a reactor containment vessel 
in thermal connnunication with a heat sink 

condensing the cooling water steam; and 
retuming the condensed cooling water to the pressure ves

sel to replenish the inventory of cooling water. 

* * * * * 
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