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NUCLEAR POWER GENERATION SYSTEM

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

[0001] The present application claims the benefit of U.S.
Provisional Patent Application No. 61/718,309 filed Oct. 25,
2012, the entirety of which is incorporated herein by refer-
ence.

FIELD OF THE INVENTION

[0002] The present invention relates to nuclear power gen-
eration systems, and more particularly to a steam supply
system and related power cycle including natural thermally
induced gravity flow of primary coolant through a reactor and
steam generator.

BACKGROUND OF THE INVENTION

[0003] Commercial nuclear power generation plants in use
as well as those thus far submitted for licensing approval in
the United States and abroad are characterized by the follow-
ing common features with respect of their power generation
cycle (e.g. Rankine cycle). First, the motive steam produced
which is used to drive the steam turbine is produced at a
moderately high pressure with little or no superheat. Second,
multiple trains of feedwater heaters are deployed to extract
cycle steam at various points and pressures as the steam
expands through the turbines (typically high pressure and low
pressure turbine units) to pre-heat the condensate (i.e. con-
denses secondary coolant) before it is returned to the boiler
(which may be the reactor itself or a tubular heat exchanger
commonly known as the steam generator). Finally, in addition
to the string of feedwater heaters, the cycle steam is also
generally mechanically dewatered and reheated by the boiler
steam (without mixing) in one or two stages in a rather large
piece of equipment known as the moisture separator reheater
or MSR.

[0004] The array of steam turbines, feedwater heaters,
MSR, and associated piping, valves and instrumentation,
typical of modern nuclear plants, are also a known source of
reduction in the plant’s reliability and increase in mainte-
nance costs. Although the foregoing equipment mentioned
may add perhaps one to two percent to the plant’s thermody-
namic efficiency, the concomitant increase in complexity,
capital cost, and detriment to the plant’s availability may be
quite significant. In particular, the complexity of the power
cycle detracts from the use of the nuclear plant as a variable
power supply source for cyclical “load following™ operation.

SUMMARY OF THE INVENTION

[0005] The present disclosure provides an improved
nuclear steam supply system and optimized Rankine cycle
which includes natural thermally induced gravity flow to
circulate primary coolant through the steam generating and
reactor vessels combined with a low pressure steam supply to
the turbine-generator set, thereby advantageously eliminat-
ing the need for a high pressure turbine. In addition, embodi-
ments of the present invention may include a single feedwater
heater in the secondary coolant flow or piping loop external to
the reactor vessel. This arrangement produces minimal heat-
ing of the liquid phase secondary coolant upstream and out-
side of the steam generator in the balance of plant, thereby
maximizing the heat transfer rate from the primary coolant to
the secondary coolant within the steam generating vessel.
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Advantageously, this results in a larger temperature differen-
tial initially between the primary coolant and secondary cool-
ant in the steam generator because the bulk of the secondary
coolant heating to produce steam for driving the low pressure
turbine is accomplished within the steam generating vessel.
This in turn enhances and increases the thermo-siphon effect
mechanism of the natural convection-based gravity-driven
primary coolant circulation system and rate of primary cool-
ant flow, thereby advantageously eliminating the need for
primary coolant pumps, as further described herein.

[0006] A natural convection driven reactor primary coolant
loop coupled with an optimized simple steam cycle as dis-
closed herein is advantageously well adapted to load follow-
ing operation, which heretofore has been impractical and
problematic for modern large nuclear plants.

[0007] Inoneembodiment, anuclear power generation sys-
tem includes a steam generator including a steam generating
vessel fluidly coupled to a reactor vessel having an internal
cavity, a reactor core comprising nuclear fuel disposed within
the internal cavity and operable to heat a primary coolant, a
primary coolant flow loop formed between the reactor vessel
and the steam generating vessel, the primary coolant flow
loop being configured and operable to circulate primary cool-
ant through the reactor vessel and steam generating vessel via
thermally induced gravity flow, and a secondary coolant flow
loop formed between the steam generating vessel and a low
pressure turbine. The secondary coolant flow loop is config-
ured and operable to circulate secondary coolant through the
steam generating vessel in which the primary coolant heats
and converts the secondary coolant from liquid to steam, the
steam flowing through the secondary coolant flow loop to the
low pressure steam turbine. A temperature differential
between primary coolant leaving the steam generating vessel
and secondary coolant entering the steam generating vessel is
sufficient to induce natural thermally driven gravity circula-
tion of the primary coolant through the primary coolant flow
loop.

[0008] Inanother embodiment, a nuclear power generation
system includes a steam generator including a steam gener-
ating vessel fluidly coupled to a reactor vessel having an
internal cavity, a reactor core comprising nuclear fuel dis-
posed within the internal cavity and operable to heat a pri-
mary coolant, a primary coolant flow loop formed between
the reactor vessel and the steam generating vessel, the pri-
mary coolant flow loop being configured and operable to
circulate primary coolant through the reactor vessel and
steam generating vessel via thermally induced gravity flow,
and a secondary coolant flow loop formed between the steam
generating vessel and a single steam turbine, the secondary
coolant flow loop being configured and operable to circulate
secondary coolant through the steam generating vessel in
which the primary coolant heats and converts the secondary
coolant from liquid to steam. The steam flows through the
secondary coolant flow loop to an inlet on the low pressure
steam turbine. A condenser is disposed in the secondary cool-
ant flow loop between an outlet from the low pressure turbine
and the steam generating vessel, the condenser configured to
cool and condense steam exiting the low pressure turbine
thereby converting the secondary coolant from steam to lig-
uid. A single feedwater heater is disposed in the secondary
coolant flow loop between the condenser and the steam gen-
erating vessel, the feedwater heater configured to receive and
heat the liquid secondary coolant from the condenser,
wherein the secondary coolant flows directly from the feed-
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water heater into the steam generating vessel without any
intervening feedwater heaters between the condenser and the
steam generating vessel. A temperature differential between
the primary coolant leaving the steam generating vessel and
secondary coolant entering the steam generating vessel is
sufficient to induce natural thermally driven gravity circula-
tion of the primary coolant through the primary coolant flow
loop.

[0009] A method for inducing thermally driven gravity
flow of primary coolant through a nuclear reactor is provided.
The method includes providing a steam generating vessel
fluidly coupled to a reactor vessel housing a nuclear fuel core
which heats a primary coolant; circulating the primary cool-
ant through a primary coolant flow loop formed between the
steam generating vessel and reactor vessel, the primary cool-
ant entering the steam generating vessel from the reactor
vessel at a first temperature and exiting the steam generating
vessel at a second temperature lower than the first tempera-
ture; heating a secondary coolant in the steam generating
vessel using the primary coolant which converts the second-
ary coolant from a liquid entering the steam generating vessel
to steam exiting the steam generating vessel, the secondary
coolant entering the steam generating vessel at a third tem-
perature and exiting the steam generating vessel at a fourth
temperature higher than the third temperature; circulating the
secondary coolant through a secondary coolant flow loop
having an external portion outside to the steam generating
vessel; expanding the steam in a low pressure steam turbine
for producing electric power; condensing the steam in a sur-
face condenser to convert the secondary coolant from steam
back into liquid form; heating the liquid secondary coolant
received from condenser in a feedwater heater to the third
temperature using fluid extracted from the turbine; and flow-
ing the heated liquid secondary coolant from the feedwater
heater directly to the steam generating vessel, wherein the
temperature differential between the second temperature of
the primary coolant and the third temperature of the second-
ary coolant is selected to induce natural thermally driven
gravity circulation of the primary coolant through the primary
coolant flow loop.

[0010] Further areas of applicability of the present inven-
tion will become apparent from the detailed description pro-
vided hereinafter. It should be understood that the detailed
description and specific examples, while indicating the pre-
ferred embodiment of the invention, are intended for purposes
of illustration only and are not intended to limit the scope of
the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The features of the exemplary embodiments of the
present invention will be described with reference to the
following drawings, where like elements are labeled simi-
larly, and in which:

[0012] FIG. 1 is front view of a nuclear steam supply sys-
tem including a reactor vessel and a steam generating vessel
according to the present disclosure;

[0013] FIG. 2 is an elevation cross-sectional view of the
reactor vessel of FIG. 1;

[0014] FIG. 3 is an elevation cross-sectional view of the
bottom portion of the steam generating vessel of FIG. 1;
[0015] FIG. 4 isanelevation cross-sectional view of the top
portion of the steam generating vessel of FIG. 1;

[0016] FIG. 5 is a close-up view of the reactor vessel and
lower portion of the steam generating vessel of FIG. 1 illus-
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trating the hydraulic and fluid coupling between the steam
generating vessel and reactor vessel of the primary coolant
flow loop; and

[0017] FIG. 6 is a schematic flow diagram showing the
primary coolant flow loop and one embodiment of a second-
ary coolant flow loop according to the present disclosure
comprising the power generation cycle portion of the nuclear
power generation plant.

[0018] All drawings are schematic and not necessarily to
scale.

DETAILED DESCRIPTION OF THE INVENTION

[0019] The features and benefits of the invention are illus-
trated and described herein by reference to non-limiting
exemplary embodiments. This description of exemplary
embodiments is intended to be read in connection with the
accompanying drawings, which are to be considered part of
the entire written description. Accordingly, the disclosure
expressly should not be limited to such exemplary embodi-
ments illustrating some possible non-limiting combination of
features that may exist alone or in other combinations of
features.

[0020] Inthedescription 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,”, “above,’
“below” “up,” “down,” “top” and “bottom” as well as deriva-
tive thereof (e.g., “horizontally,” “downwardly,” “upwardly,”
etc.) should be construed to refer to the orientation as then
described or as shown in the drawing under discussion. These
relative terms are for convenience of description only and do
not require that the apparatus be constructed or operated in a
particular orientation. 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, unless expressly described otherwise.

[0021] Referring first to FIG. 1, a nuclear steam supply
system 100 is illustrated in accordance with an embodiment
of the present invention. Although described herein as being
a nuclear steam supply system, the system may also be gen-
erally referred to herein as a “steam supply system” for brev-
ity. The inventive nuclear steam supply system 100 is typi-
cally used in a nuclear pressurized water reactor. Of course,
the nuclear steam supply system 100 can have uses other than
for nuclear pressurized water reactors as can be appreciated.
[0022] In one embodiment, the nuclear steam supply sys-
tem 100 generally comprises a reactor vessel 200 and a steam
generating vessel 300 fluidly coupled to the reactor vessel.
During normal operation of the nuclear steam supply system
100, a primary coolant flows through a primary coolant flow
loop 190 within the reactor vessel 200 and the steam gener-
ating vessel 300. This primary coolant loop 190 is depicted
with arrows in FIG. 1. Specifically, the primary coolant flows
upwardly through a riser column 224 in the reactor vessel.
200, from the reactor vessel 200 to the steam generating
vessel 300 through a fluid coupling 270, upwardly through a
riser pipe 337 in the steam generating vessel 300 to a top of the
steam generating vessel 300 (i.e., to a pressurizer 380), and
then downwardly through tubes 332 (see FIGS. 3and 4) ina
tube side 304 of the steam generating vessel 300, from the
steam generating vessel 300 to the reactor vessel 200 through
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the fluid coupling 270, downwardly through a downcomer
222 of the reactor vessel 200, and then back from the down-
comer 222 of the reactor vessel 200 to the riser column 224 of
the reactor vessel 200. The primary coolant continues to flow
along this primary coolant loop 190 as desired without the use
of any pumps during normal operation of the nuclear steam
supply system 100.

[0023] During normal operation of the nuclear steam sup-
ply system 100, the primary coolant has an extremely high
temperature due to its flowing through and heating by the
reactor core 230. Specifically, nuclear fuel in the reactor
vessel 200 engages in the fission chain reaction, which pro-
duces heat and heats the primary coolant as the primary
coolant flows through the reactor core of the reactor vessel
200. This heated primary coolant is used to phase-change a
secondary coolant from a liquid into steam used to drive the
turbine-generator set, as discussed below.

[0024] While the primary coolant is flowing through the
primary coolant loop 190 during normal operation, the sec-
ondary coolant is flowing through a second coolant loop.
Specifically, the secondary coolant is introduced into the shell
side 305 (FIGS. 3 and 4) of the steam generating vessel 300 at
the secondary coolant in location indicated in FIG. 1. The
secondary coolant then flows through the shell side 305
(FIGS. 3 and 4) of the steam generating vessel 300 where it is
heated by heat transfer from the primary coolant. The sec-
ondary coolant is converted into steam due to the heat trans-
fer, and the steam flows from the steam generating vessel 300
to a turbine 900 as indicated in FIG. 1. The turbine 900 drives
an electric generator 910 which is connected to the electrical
grid for power distribution. The steam then travels from the
turbine 900 to a condenser (not illustrated) whereby the steam
is cooled down and condensed to form condensate. Thus, the
condenser converts the steam back to a liquid condensate (i.e.,
the secondary coolant) so that it can be pumped back into the
steam generator 300 at the secondary coolant inlet location
and repeat its flow through the flow path discussed above and
be converted back to steam.

[0025] In certain embodiments both the primary coolant
and the secondary coolant may be water, such as demineral-
ized or borated water. However, the invention is not to be so
limited and other liquids or fluids can be used in certain other
embodiments, the invention not being limited to the material
of the primary and secondary coolants unless so claimed.
[0026] The primary coolant continues to flow through the
primary coolant loop and the secondary coolant continues to
flow in the second coolant loop during normal operation of
the nuclear steam supply system 100. The general provision
and operation of the convective thermal gravity-driven
nuclear steam supply system 100, as well as details of the
associated components are described in detail in co-pending
International Application No. PCT/US13/38289 filed Apr.
25, 2013, the entirety of which is incorporated herein by
reference.

[0027] Referring to FIGS. 1-4, the general details of the
components and the operation of the nuclear steam supply
system 100, and specifically of the reactor vessel 200 and the
steam generating vessel 300, will be described. In the exem-
plified embodiment, the reactor vessel 200 and the steam
generating vessel 300 are vertically elongated and separate
components which hydraulically are closely coupled, but are
discrete vessels in themselves that are thermally isolated
except for the exchange of primary coolant (i.e. reactor cool-
ant) flowing between the vessels in the fluid coupling 270 of
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the primary coolant loop 190 as discussed above. In one
non-limiting embodiment, each of the reactor vessel 200 and
the steam generating vessel 300 may be made of a corrosion
resistant metal such as stainless steel, although other materi-
als of construction are possible.

[0028] Referring to FIGS. 1 and 2 concurrently, the reactor
vessel 200 will be further described. The reactor vessel 200 in
one non-limiting embodiment is an ASME code Section 111,
Class I thick-walled cylindrical pressure vessel comprised of
a cylindrical sidewall shell 201 with an integrally welded
hemispherical bottom head 203 and a removable hemispheri-
cal top head 202. The shell 201 defines an internal cavity 208
configured for holding the reactor core which comprises the
nuclear fuel. Specifically, the reactor vessel 200 includes a
cylindrical reactor shroud 220 which contains the reactor core
defined by a fuel cartridge 230 (i.e., nuclear fuel}. The reactor
shroud 220 transversely divides the shell portion of the reac-
tor vessel into two concentrically arranged spaces: (1) an
outer annulus 221 defining the annular downcomer 222 for
primary coolant entering the reactor vessel which is formed
between the outer surface of the reactor shroud 220 and an
inner surface 206 of the shell 201; and (2) a passageway 223
defining the riser column 224 for the primary coolant leaving
the reactor vessel 200 heated by fission in the reactor core.
[0029] The reactor shroud 220 is elongated and extends in
an axial direction along a vertical axis A-A of the reactor
vessel 200. The reactor shroud 220 includes an open bottom
end 225 and a closed top end 226. In one embodiment, the
open bottom end 225 of the reactor shroud 220 is vertically
spaced apart by a distance from the bottom head 203 of the
reactor vessel 200 thereby forming a bottom flow plenum 228
between the bottom end 225 of the reactor shroud 220 and the
bottom head 203 of the reactor vessel 200. As will be dis-
cussed in more detail below, during flow of the primary cool-
ant through the primary coolant loop 190, the bottom flow
plenum 228 collects the primary coolant from the annular
downcomer 222 and directs the primary coolant flow into the
inlet of the riser column 224 formed by the open bottom end
225 of the reactor shroud 220.

[0030] In certain embodiments, the reactor shroud 220 is a
double-walled cylinder which may be made of a corrosion
resistant material, such as without limitation stainless steel.
This double-wall construction of the reactor shroud 220
forms an insulated structure designed to retard the flow of
heatacross it and forms a smooth vertical riser column 224 for
upward flow of the primary coolant heated by the fission in the
fuel cartridge 230 (“core”), which is preferably located at the
bottom extremity of the shroud 220 in one embodiment as
shown in FIG. 2. The vertical space above the fuel cartridge
230 in the reactor shroud 220 may also contain intercon-
nected control rod segments along with a set of “non-segmen-
tal baffles” that serve to protect them from flow induced
vibration during reactor operations. The reactor shroud 220 is
laterally supported by the reactor vessel by support members
250 to prevent damage from mechanical vibrations that may
induce failure from metal fatigue.

[0031] In certain embodiments, the fuel cartridge 230 is a
unitary autonomous structure containing upright fuel assem-
blies, and is situated in a region of the reactor vessel 200 that
is spaced above the bottom head 203 so that a relatively deep
plenum of water lies underneath the fuel cartridge 230. The
fuel cartridge 230 is insulated by the reactor shroud 220 so
that a majority of the heat generated by the fission reaction in
the nuclear fuel core is used in heating the primary coolant
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flowing through the fuel cartridge 230 and adjoining upper
portions of the riser column 224. In certain embodiments, the
fuel cartridge 230 is an open cylindrical structure including
cylindrically shaped sidewalls, an open top, and an open
bottom to allow the primary coolant to flow upward com-
pletely through the cartridge (see directional flow arrows,
described in detail above with specific reference to F1G. 1). In
one embodiment, the sidewalls of the fuel cartridge 230 may
be formed by multiple arcuate segments of reflectors which
are joined together by suitable means. The openinterior of the
fuel cartridge 230 may be filled with a support grid for hold-
ing the nuclear fuel rods and for insertion of control rods into
the core to control the fission reaction as needed.

[0032] In the interconnecting space between the reactor
vessel 200 and the steam generating vessel 300 there is a fluid
coupling 270 that comprises an inner flow path 271 and an
outer flow path 272 that concentrically surrounds the inner
flow path 271. As will be discussed in more detail below,
during flow of the primary coolant the primary coolant flows
upwardly within the riser column 224 and through the inner
flow path 271 of the fluid coupling 270 to flow from the
reactor vessel 200 to the steam generating vessel 300. After
the primary coolant gets to the top of the steam generating
vessel 300, the primary coolant begins a downward flow
through the steam generating vessel 300 and then flows
through the outer flow path 272 from the steam generating
vessel 300 and into the downcomer 222 of the reactor vessel
200. Again, this flow path will be described in more detail
below.

[0033] Turning now to FIGS. 1, 3, and 4, the details of the
steam generating vessel 300 will be described in more detail.
In certain embodiments, the steam generating vessel 300
includes a preheater section 320, a steam generator section
330, a superheater section 340 and a pressurizer 380. How-
ever, the invention is not to be so limited and one or more of
the sections of the steam generating vessel 300 may be omit-
ted in certain other embodiments. Specifically, in certain
embodiments, the preheater section 320 may be omitted, or
instead may be formed as an integral part of the secondary
coolant inlet portion of the steam generator section. 330 with-
out separate discrete tubesheets. In this latter arrangement,
liquid secondary coolant from the feedwater heater 540 (see
FIG. 6) still enters the preheater section 320 in liquid phase
(thereby defining the “preheater”) and is converted to steam
in an above portion of steam generator section 330 (thereby
differentiating and defining the “steam generator section”). In
other possible embodiments, the preheater section 320 may
include separate tubesheets of its own which physically ter-
minate and defines the limits of the preheater section.

[0034] A steam bypass loop 303 may be provided on shell
side of steam generating vessel 300 (see, e.g. F1G. 1) to route
saturated steam from the steam generator section 330
upwards to the superheater section 340 around the interme-
diate tubesheet structure as shown. As discussed above, it is
within the steam generator vessel 300 that the secondary
coolant that is flowing through the shell side 305 of the steam
generator vessel 300 is converted from a liquid phase (i.e.
secondary coolant liquid inlet shown in FIG. 1) to a super-
heated steam phase that is sent to the turbine 900 through
secondary coolant flow loop 500 (secondary coolant steam
outlet shown in FIG. 1) for electricity generation via genera-
tor 910. The secondary coolant flows in the second coolant
loop 500 through the shell side of the steam generating vessel
300, out to the turbine 900, from the turbine 900 to a con-
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denser 520, through a single feedwater heater 540, and then
back into the shell side of the steam generating vessel 300, as
shown in FIG. 6 and further described herein.

[0035] In the exemplified embodiment, cach of the pre-
heater 320, the steam generator 330, and the superheater 350
sections are tubular heat exchangers having a tube side 304
and a shell side 305. The tube side 304 of the tubular heat
exchangers include a tube bundle comprising a plurality of
parallel straight tubes 332 and tubesheets 333 disposed at the
extremities or ends of each tube bundle that support the tubes.
In the exemplified embodiment, only two tubes 332 are illus-
trated for clarity: however, it will be appreciated that an actual
installation may include tens, hundreds, or thousands of tubes
332 within each of the sections of the steam generating vessel
300. In certain embodiments, a bottom-most one of the
tubesheets 333 A is located in the preheater section 320 or in
the steam generator section 330.

[0036] The preheater 320, steam generator 330, and super-
heater 350 sections form vertically stacked heat exchangers
disposed within the vertically elongated steamn generating
vessel 300. In certain embodiments, the preheater section
320, steam generator section 330, and superheater section
350 are configured and arranged to form a parallel counter-
flow type heat exchanger arrangement in which the secondary
coolant (Rankine cycle) flows upwards on the shell side in an
opposite, but parallel direction to the downwards flowing
primary coolant on the tube side (see FIGS. 1, 3, and 4). The
primary coolant, however, flows upwards in riser pipe 337 in
the same direction and parallel to the flowing secondary cool-
ant. Specifically, the arrows labeled A indicate the flow direc-
tion of the primary coolant through the riser pipe 337 that is
positioned within the steam generating vessel 300, the arrows
labeled B indicate the flow direction of the primary coolant
through the tubes 332 of the steam generating vessel 300, and
the arrows labeled C indicate the flow direction of the sec-
ondary coolant through the shell side 305 of the steam gen-
erating vessel 300. The trio of the foregoing tubular heat
exchangers (i.e. preheater, steam generator, and superheater)
are hydraulically connected in series on both the tube side 304
(primary coolant) and the shell side 305 (the secondary cool-
ant forming the working fluid of the Rankine Power Cycle
which changes phase from liquid to superheated, gas in the
steam generating vessel 300). It should be noted that the
portion of primary coolant flowing upwards in riser pipe 337
in the same direction and parallel to the flowing secondary
coolant in the steam generating vessel 300 prior to entering
the tubes 332 in the pressurizer 380 may contribute slightly to
heating the secondary coolant. However, the primary heat
transfer occurs across the tube 332 walls between the hot
primary coolant flowing inside tubes 332 and secondary cool-
ant flowing outside the tubes.

[0037] Inthe exemplified embodiment, the steam generat-
ing vessel 300 includes a top 310, a bottom 311, an axially
extending cylindrical shell 312, and the internal riser pipe 337
which is concentrically aligned with the shell 312 and in the
exemplified embodiment lies on a centerline C-C of the steam
generating vessel 300. The tubes 332 are circumferentially
arranged around the outside of the riser pipe 337 between the
riser pipe 337 and the shell 312 in sections of the steam
generating vessel 300 which include the preheater 320, the
steam generator 330, and the superheater 350. In one embodi-
ment, the riser pipe 337 extends completely through all of the
tubesheets 333 associated with the preheater 320, the steam
generator 330, and the superheater 350 from the top of the
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steam generating vessel 300 to the bottom to form a part of the
continuous primary coolant loop 190 between the reactor
vessel 200 and the steam generating vessel 300 all the way to
the pressurizer 380.

[0038] The fluid coupling 270 includes an inner flowpath
371 and an outer flowpath 372 on the steam generating vessel
300 side of the fluid coupling 270. The inner flowpath 371 is
fluidly coupled to the inner flow path 271 and the outer
flowpath 372 is fluidly coupled to the outer flowpath 272.
Thus, via these operable couplings the steam generating ves-
sel 300 is fluidly coupled to the reactor vessel 200 to complete
the primary coolant loop 190 for flow of the primary coolant
through both the reactor vessel 200 and the steam generating
vessel 300. An annular space is formed between the riser pipe
337 and the shell 312, which forms a bottom plenum 338. The
bottom plenum 338 collects and channels the primary coolant
from the steam generating vessel 300 back to the reactor
vessel 200 via the outer flow paths 272, 372. Thus, in the
exemplified embodiment the primary coolant flows from the
reactor vessel 200 to the steam generating vessel 300 through
the inner flow paths 271, 371 and the primary coolant flows
from the steam generating vessel 300 to the reactor vessel 200
through the outer flow paths 272,372. However, the invention
is not to be so limited and in other embodiments the use of the
flow paths 271, 272, 371, 372 can be reversed

[0039] The superheater 350 is topped by a pressurizer 380
as shown in FIGS. 1 and 4, which is in fluid communication
with both the top or outlet of the riser pipe 337 and the inlet to
the tubes 332 of the superheater 350. In one embodiment, the
pressurizer 380 is mounted directly to the shell 312 of the
steam generating vessel 300 and forms a top head 3364 on the
shell. In one embodiment, the pressurizer has a domed or
hemispherical head and may be welded to the shell 312, or
alternatively bolted in other possible embodiments. The pres-
surizer 380 forms an upper plenum which collects reactor
primary coolant rising through riser pipe 337 and distributes
the primary coolant from the riser pipe 337 to the superheater
tubes 332. In certain embodiments, the pressurizer 380
includes a heating/quenching element 38. (i.e. water/steam)
for pressure control of the reactor primary coolant.

[0040] Shown schematically in FIG. 4, the heating/quench-
ing element 383 is comprised of a bank of electric heaters
which are installed in the pressurizer section that serve to
increase the pressure by boiling some of the primary coolant
and creating a steam bubble that resides at the top of the
pressurizer near the head (above the liquid/gas interface 340
represented by the dashed line). A water spray column 384 is
located near the top head 336a of the pressurizer 380 which
sprays water into the steam bubble thereby condensing the
steam and reducing the size of the steam bubble. The increase/
decrease in size of the steam bubble serves to increase/de-
crease the pressure of the primary coolant inside the reactor
coolant system. In one exemplary embodiment, a representa-
tive primary coolant pressure maintained by the pressurizer
380 and the heating/quenching element 383 may be without
limitation about 2,250 psi. In alternative embodiments, as
noted above, the liquid/gas interface 340 is formed between
an inert gas, such as nitrogen (N2) supplied by supply tanks
(not shown) connected to the pressurizer 380, and the liquid
primary coolant.

[0041] In one embodiment, the external surfaces of the
tubes 332 may include integral fins for increasing the heat
transfer rates between the hot primary coolant and secondary
coolant. The superheater tube bundle is protected from ero-
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sion (i.e. by tiny water droplets that may remain entrained in
the up-flowing steam) by ensuring that the steam flow is
counter-flow being parallel along, rather than across, the
tubes 332 in the tube bundle.

[0042] In the exemplified embodiment, the nuclear steam
supply system 100 including the reactor vessel 200 and the
steam generating vessel 300 are housed within a containment
structure or vessel 400. This ensures that in the event of a
loss-of-coolant accident during start-up, all of the high energy
fluids are contained within the containment boundary of the
containment vessel 400. The details of the containment vessel
400 can be found in PCT/US13/42,070, filed on May 21,
2013, the entirety of which is incorporated herein by refer-
ence. The Rankine power cycle components found in the
secondary coolant flow loop including turbine-generator set
900-910 may be mounted outside the containment.

[0043] By definition, a passively safe nuclear steam supply
system as disclosed herein does not include or require any
100% primary coolant flow pumps in the primary reactor
coolant loop because the flow is driven by gravity, not
mechanical pumps. In a passively cooled reactor, natural
circulation flow will be sustained even after the reactor shut-
down control rods are fully inserted into the core.

[0044] Secondary Coolant Flow Loop (Power Cycle)
[0045] FIG. 6 is a schematic diagram showing the primary
coolant flow loop and one embodiment of secondary coolant
flow loop according to the present disclosure. The primary
coolant flow loop 190 includes the reactor vessel 200 and
related components already described herein. The secondary
coolant flow loop 500 circulates secondary coolant via
pumped flow and includes portions both inside and outside
the containment vessel 400. The secondary coolant flow loop
500 includes a flow conduit (e.g. piping) for fluidly coupling
components together and circulating secondary coolant in
both a steam state (i.e. saturated and superheated) and a liquid
state (e.g. condensate or feedwater) through the power gen-
eration equipment described herein including a turbine-gen-
erator set and auxiliary plant equipment which define a Rank-
ine power cycle.

[0046] It should be noted that FIG. 6 illustrates some rep-
resentative, but non-limiting examples of optimized primary
coolant and secondary coolant conditions at various points in
the steam supply system 100 in one possible configuration
and operating mode of the system. The invention is expressly
not limited to the operating conditions shown, which repre-
sents one of many possibly nuclear plant steam supply system
operating scenarios falling within the scope of the present
disclosure.

[0047] Referring to FIG. 6, secondary coolant flow loop
500 is generally a one-directional flow circuit including (in
order along the flow path) the steam generating vessel 300
(e.g. preheat section 320, steam generator section 330, and
superheater section 350), a low pressure steam turbine 900
coupled to a generator 910 (shown in FIG. 1), a condenser
520, feedwater pump 530, and a feedwater heater 540. In one
embodiment, a single feedwater heater 540 is provided in the
secondary coolant flow loop as further described herein.
Steam leaves the steam, generating vessel 300 in a super-
heated state and flows through suitable steam piping of the
secondary coolant flow loop 500 to an inlet on steam turbine
900 in which the steam expands and drives a plurality of
rotating turbine blades. The turbine rotor is coupled to the
generator 910 for producing electric current. Accordingly, in
the present non-limiting embodiment being described, the
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secondary coolant flow loop consists of only a single low
pressure turbine (e.g. no high pressure turbine) and a single
feedwater heater.

[0048] The steam generating vessel 300 according to the
present disclosure produces steam at a relatively low pres-
sure, but with considerable superheat for feeding a single low
pressure turbine 900. Advantageously, this eliminates the
need for a high pressure turbine which is generally more
vulnerable to operational failures and reliability concerns due
to higher operating conditions. In standard commercial
nuclear plants, for example, such high pressure turbines typi-
cally may require steam at a moderately high pressure (e.g.
700 to 1000 psi) and with little or no superheat. A Rankine
cycle according to the present disclosure therefore has a tur-
bine-generator set consisting of a single low pressure steam
turbine 900 coupled to the generator 910.

[0049] To provide low pressure, high superheat steam to
turbine 900, steam generating vessel 300 is configured and
designed to produce and supply steam to low pressure turbine
900 at a pressure less than 400 psia, and in some preferred
embodiments at a maximum pressure of about 350 psia. In the
exemplary non-limiting power cycle illustrated in FIG. 6, the
steam has a pressure of about 335 psia leaving the steam
generating vessel 300 and about 325 psia at the inlet of the
turbine 900 (the difference attributable to frictional pressure
loss in the steam, piping between the steam generating vessel
and turbine). Steam leaving the steam generating vessel 300
and entering the low pressure turbine 900 may be at least 575
degrees F and in a superheated state. In the exemplary non-
limiting power cycle illustrated in FIG. 6, the steam has a
temperature of about 595 degrees F. An acceptable steam
temperature range of about and including 575-615 degrees F
may be used while maintaining the low pressure steam
requirements of the turbine 900. In one preferred embodi-
ment, the steam may have a superheat of at least 170 degrees
F for optimum cycle efficiency.

[0050] Dueto significant initial superheat of steam entering
the low pressure turbine 900, the MSRs may be completely
eliminated and the multitude of feedwater heaters (e.g. 16 in
atypical nuclear plant with high pressure steam turbines) may
be replaced in one embodiment with a single feedwater heater
540 which draws steam and/or water (i.e. “extraction fluid”)
from one or more extraction points on the low pressure tur-
bine. The extracted steam provides the heating medium
which heats the condensate/feedwater in feedwater heater
540 collected by the condenser. The feedwater heater 540
may draw steam at one or more extraction points each located
on the turbine 900 to remove wet saturated steam. In one
embodiment, each steam extraction point may be located on
the turbine 900 at points which are at sub-atmospheric pres-
sures (i.e. less than 14.7 psia) where air in-leakage through
turbine glands is most likely to occur. In one embodiment,
two sub-atmospheric extraction points may be used. A first
steam extraction point E1 may be at less than 14.7 psia, and a
second steam extraction point E2 may be at less than 10 psia.
In one representative but no n-limiting example, the first
extraction point may be about 10 psia and the second extrac-
tion point may be about 4 psia. The first steam extraction point
removes generally wet saturated steam from the turbine 900
which serves to dry the cycle steam to enable it to complete
the last stages of expansion in the turbine with an acceptable
level of moisture to minimize droplet impingement on and
wet steam erosion of the turbine blades. The second steam
extraction point E2 removes extremely wet steam and/or lig-
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uid (water) secondary coolant from turbine 900. Representa-
tive but non-limiting optimal steam and/or water extraction
fluid rates are noted in FIG. 6. In one embodiment, the extrac-
tion or flow rate (pounds/hour) for the lower pressure steam
extraction point E2 preferably may be more than E1, and in
some embodiments more than ten times E1. Extraction point
E1 also has a correspondingly higher temperature, enthalpy
(BTU/pound), and pressure (psia) than point E2 since the
extraction fluid at E1 is withdrawn upstream of E2 from
turbine 900 where the secondary coolant steam has more
energy.

[0051] In another possible embodiment, one above atmo-
spheric pressure steam extraction point E1 and one sub-at-
mospheric steam extraction point E2 may be used. Some
non-limiting representative pressures for extraction points
E1, E2 may be about 20 psia and 10 psia, respectively which
are optimal for this arrangement. These two extraction points
serve the same foregoing purposes. Feedwater heater 540
receives steam from both extraction points E1, E2 and is
suitably engineered to prevent back flow of steam and flash-
ing of the condensate in the drain lines.

[0052] Because the steam extraction occurs in the sub-
atmospheric portion of the turbine in at least one of the extrac-
tion points E1, E2 where the air in-leakage is most likely to
occur, the extraction steam also serves to carry the non con-
densibles out of the turbine space, delivering them to the
feedwater heater 540 where it is segregated and exhausted
using conventional vacuum apparatus. Thus, the power cycle
is purged of deleterious non-condensibles which is a collat-
eral benefit of sub-atmospheric steam extraction and feedwa-
ter heating described herein.

[0053] Feedwater heater 540 may be an elongated shell and
tube heat exchanger with condensate pumped from condenser
520 by feedwater pump 530 flowing on the tube side and
extraction fluid (i.e. steam and/or water) from the low pres-
sure steam turbine 900 flowing on the shell side. Although the
extraction fluid from extraction points E1 and E2 is shown in
FIG. 6 as flowing in a single combined flow conduit to feed-
water heater 540, the extracted fluids preferably are not be
combined and isolated from each other flowing in separate
piping lines to the feedwater heater each having a separate
inlet nozzle on the shell for introducing this heating fluid. It
should be noted that the exemplary non-limiting extraction
fluid conditions shown in the associated box in FIG. 6 include
two sets of numbers for each parameter; the first number
being for extraction point E1 fluid and the second being for
the lower pressure extraction point E2 fluid.

[0054] Feedwater heater 540 may be any suitable type of
shell and tube heat exchanger. In one embodiment shown in
FIG. 6, the feedwater heater may be a U-tube bundle design
with a single channel, and tubesheet (“head”) disposed at one
end of the heater. Such designs are well known in the art
without undue elaboration. Essentially, the channel at the
head of the heater defines an internal cavity which is inter-
nally divided by a partition plate into feedwater (secondary
coolant) inlet and outlet flow boxes each in fluid communi-
cation with the single tubesheet. The U-shaped tubes have one
end fluidly coupled to the tubesheet adjacent the inlet flow
box and the other end fluidly coupled to the tubesheet adja-
cent the outlet flow box. The U-shaped bends in the tubes are
disposed in the heater opposite the tubesheet and head. In
other possible designs, the feedwater heater 540 may have a
straight tube bundle extending between two tubesheets dis-
posed at either end of the heater, analogous to the steam
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generating vessel 300 heat exchanger design described
herein. Either type of heater design is suitable and may be
used.

[0055] The extracted and condensed secondary coolant
heating medium on the shell side of feedwater heater 5S40 may
be collected and returned to condenser 520 in one embodi-
ment.

[0056] Condenser 520 is a steam surface condenser config-
ured to receive and condense exhaust steam (secondary cool-
ant) from turbine 900, which is then collected in a wet well in
the condenser from which feedwater pump 530 takes suction.
Surface condensers of this type are well known without undue
elaboration. Condenser 520 may be of any suitable design
used in the industry. Feedwater pump 530 pressurizes and
pumps the condensate or feedwater (terms may be used inter-
changeably herein to refer to the condensed liquid secondary
coolant) from condenser 520 to the head of feedwater heater
540 through suitable piping. Feedwater pump 530 may be any
suitable type of pump, including for example without limita-
tion centrifugal pumps, vertical axial pumps, etc.

[0057] It should be noted that because the feedwater heat-
ing of the condensate or feedwater outside of the steam gen-
erating vessel 300 in the secondary coolant loop 500 is mini-
mal, a preponderant amount of heating of the condensate or
feedwater occurs in the steam generator vessel which enables
the reactor primary coolant to be cooled to much lower tem-
perature leaving the steam generator 300 (e.g. about 375-385
degrees F in one non-limiting example) than in a typical
nuclearplant (e.g. about 500 degrees F). Advantageously, this
has the effect of boosting the natural convective thermo-
siphon action in the gravity-driven reactor primary coolant
loop circulation design disclosed herein. The primary coolant
may be decreased in temperature by at least 200 degrees in
one embodiment (i.e. entering versus leaving the steam gen-
erating vessel 300). The secondary coolant may correspond-
ingly be increased in temperature by at least 350 degrees F
(i.e. entering versus leaving the steam generating vessel 300),
and in some embodiments by at least 400 degrees F. The
greater the temperature difference between the primary and
secondary coolant flowing through the heat exchangers of the
steam generating vessel 300, the greater the thermal siphon
effect and circulation rate of the primary coolant through the
primary coolant flow loop. The vertical orientation of the
steam generating vessel 300 and reactor vessel 200 further
beneficially contribute to the thermal gravity primary coolant
flow based generally on the principle that hot water rises and
cold water falls.

[0058] With reference to FIG. 6, the temperature differen-
tial between the primary coolant leaving the steam generating
vessel 300 (at the preheater 320) and liquid secondary coolant
(feedwater) entering the steam generating vessel (at the pre-
heater) preferably is sufficient to induce and boost the con-
vective thermally-driven gravity circulation of the primary
coolant through the steam generating vessel and reactor ves-
sel 200. In one embodiment, the temperature difference
between the primary coolant leaving the steam generating
vessel and secondary coolant entering the steam generating
vessel is at least 175 degrees F which boosts the thermal-
siphon gravity flow effect. An acceptable range of the liquid
secondary coolant feedwater leaving feedwater heater 540
may be between about and including 170-210 degrees F
which flows directly to the steam generating vessel 300. An
acceptable corresponding range of primary coolant leaving
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the preheater section 320 of the steam generating vessel 300
may be between about and including 365-405 degrees F.
[0059] The nuclear steam generating system and Rankine
cycle operation according to the present disclosure will now
be summarized. On the secondary coolant side, the method
includes converting the secondary coolant from liquid phase
to superheated steam using the heat exchangers in the steam
generating vessel in the manner as already described. To
summarize, liquid secondary coolant flows and enters the
preheating section 320 from the external portion of the sec-
ondary coolant flow loop 500 directly from the feedwater
heater 540 without any intervening heating. The secondary
coolant has a first inlet temperature. There are no other heaters
in the external loop which perform heating of the liquid
secondary coolant between the steam turbine and the inlet to
the steam generating vessel (noting that the condenser 420
further cools the secondary coolant). The liquid secondary
coolant flows upwards through the steam generating vessel
300 first through the steam generator section 330 where it is
converted to steam, then finally through the superheater sec-
tion 350 where the steam becomes superheated in state. The
superheated steam exits the steam generating vessel 300 at a
higher second outlet temperature than the first inlet tempera-
ture and re-enters the external portion of the secondary cool-
ant flow loop.

[0060] On the primary coolant side, the primary coolant
from the reactor vessel initially enters the steam generating
vessel at a first temperature and flows upwards to the pressur-
izer 380 and enters the tube-side of the superheater section
350. The primary coolant flows downwards in order through
the superheater section 350, steam generator section 330, and
preheater section 320 where the primary coolant exits the
steam generating vessel 300 and returns to the reactor vessel
200. The primary coolant, having lost and transferred heat to
the secondary coolant to convert the secondary coolant from
liquid to superheated steam, exits the steam generating vessel
300 at a second lower outlet temperature than the inlet tem-
perature.

[0061] The secondary coolant is cooled in the external por-
tion of the secondary coolant flow loop 500. The secondary
coolant leaving the steam generating vessel 300 in the form of
superheated steam flows into the low pressure steam turbine
900 at a pressure less than 400 psia in one embodiment. The
corresponding steam temperature may be may be at least 575
degrees F in one embodiment, as already described above.
The steam flows through the turbine 900, the condenser 520,
feedwater pump 530, feedwater heater 540, and directly back
to the inlet of the steam generating vessel 300 and preheater
section 320. The secondary coolant has lost a significant
portion of its heat energy (and thus temperature) to drive the
turbine which is converted into electrical energy.

[0062] Unless otherwise specified, the components
described herein may generally be formed of a suitable mate-
rial appropriate for the intended application and service con-
ditions. All conduits and piping are generally formed from
nuclear industry standard piping. Components exposed to a
corrosive or wetted environment may be made of a corrosion
resistant metal (e.g. stainless steel, galvanized steel, alumi-
num, etc.) or coated for corrosion protection.

[0063] While the invention has been described with respect
to specific examples including presently preferred modes of
carrying out the invention, those skilled in the art will appre-
ciate that there are numerous variations and permutations of
the above described systems and techniques. It is to be under-
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stood that other embodiments may be utilized and structural
and functional modifications may be made without departing
from the scope of the present invention. Thus, the spirit and
scope of the invention should be construed broadly as set forth
in the appended claims.

1. A nuclear power generation system including:

a steam generator including a steam generating vessel flu-
idly coupled to a reactor vessel having an internal cavity;

a reactor core coniprising nuclear fuel disposed within the
internal cavity and operable to heat a primary coolant;

a primary coolant flow loop formed between the reactor
vessel and the steam generating vessel, the primary cool-
ant flow loop being configured and operable to circulate
primary coolant through the reactor vessel and steam
generating vessel via thermally induced gravity flow;
and

a secondary coolant flow loop formed between the steam
generating vessel and a low pressure turbine, the sec-
ondary coolant flow loop being configured and operable
to circulate secondary coolant through the steam gener-
ating vessel in which the primary coolant heats and
converts the secondary coolant from liquid to steam, the
steam flowing through the secondary coolant flow loop
to the low pressure steam turbine;

wherein a temperature differential between the primary
coolant leaving the steam generating vessel and second-
ary coolant entering the steam generating vessel is suf-
ficient to induce natural thermally driven gravity circu-
lation of the primary coolant through the primary
coolant flow loop.

2. The nuclear power generation system of claim 1,
wherein the secondary coolant flow loop does not include a
high pressure turbine.

3. The nuclear power generation system of claim 1,
wherein the temperature differential between primary coolant
leaving the steam generating vessel and secondary coolant
entering the steam generating vessel is at least 175 degrees F.

4. The nuclear power generation system of claim 1,
wherein the pressure of steam entering the low pressure tur-
bine is less than 400 psia.

5. The nuclear power generation system of claim 1,
wherein the temperature of steam entering the low pressure
turbine has a temperature of at least 575 degrees F and is
superheated steam.

6. The nuclear power generation system of claim 1, further
comprising a single feedwater heater disposed in the second-
ary coolant flow loop between an outlet from the low pressure
turbine and the steam generating vessel, the feedwater heater
configured to heat the secondary coolant using secondary
coolant extracted from the low pressure turbine;

wherein the secondary coolant flow loop does include any
additional feedwater heaters between the low pressure
turbine outlet and the steam generating vessel.

7. The nuclear power generation system of claim 6, further

comprising:

a condenser disposed in the secondary coolant flow loop
between an outlet from the low pressure turbine and the
steam generating vessel; and

asingle feedwater heater disposed in the secondary coolant
flow loop between the condenser and the steam gener-
ating vessel, wherein the secondary coolant flow loop
does include any additional feedwater heaters between
the condenser and the steam generating vessel.
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8. The nuclear power generation system of claim 7,
wherein the steam generating vessel and reactor vessel are
disposed inside a containment vessel, and the turbine, con-
denser, and feedwater heater are disposed outside the con-
tainment vessel.

9. The nuclear power generation system of claim 7,
wherein secondary coolant is heated in the feedwater heater
using secondary coolant extracted from the low pressure
feedwater heater at two different extraction points having
different secondary coolant temperatures and pressures.

10. The nuclear power generation system of claim 1,
wherein the primary coolant flows through the reactor pres-
sure vessel to cool the reactor core and through the steam
generating vessel to transfer heat to a secondary coolant flow-
ing through the steam generating vessel.

11. The nuclear power generation system of claim 1,
wherein the steam generating vessel is vertically elongated
and includes a vertically stacked preheat section, main steam
generating section, and a superheater section.

12. A nuclear power generation system including:

a steam generator including a steam generating vessel flu-

idly coupled to areactor vessel having an internal cavity;

a reactor core comprising nuclear fuel disposed within the
internal cavity and operable to heat a primary coolant;

a primary coolant flow loop formed between the reactor
vessel and the steam generating vessel, the primary cool-
ant flow loop being configured and operable to circulate
primary coolant through the reactor vessel and steam
generating vessel via thermally induced gravity flow;

a secondary coolant flow loop formed between the steam
generating vessel and a single steam turbine, the second-
ary coolant flow loop being configured and operable to
circulate secondary coolant through the steam generat-
ing vessel in which the primary coolant heats and con-
verts the secondary coolant from liquid to steam, the
steam flowing through the secondary coolant flow loop
to an inlet on the low pressure steam turbine;

a condenser disposed in the secondary coolant flow loop
between an outlet from the low pressure turbine and the
steam gernerating vessel, the condenser configured to
cool and condense steam exiting the low pressure tur-
bine thereby converting the secondary coolant from
steam to liquid; and

a single feedwater heater disposed in the secondary coolant
flow loop between the condenser and the steam gener-
ating vessel, the feedwater heater configured to receive
and heat the liquid secondary coolant from the con-
denser, wherein the secondary coolant flows directly
from the feedwater heater into the steam generating
vessel without any intervening feedwater heaters
between the condenser and the steam generating vessel,

wherein a temperature differential between the primary
coolant leaving the steam generating vessel and second-
ary coolant entering the steam generating vessel is suf-
ficient to induce natural thermally driven gravity circu-
lation of the primary coolant through the primary
coolant flow loop.

13. The nuclear power generation system of claim 12,
wherein the secondary coolant flow loop does not include any
additional turbines.

14. The nuclear power generation system of claim 12,
wherein the single steam turbine is a low pressure turbine
characterized by steam entering the turbine at a pressure less
than 400 psia.
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15. The nuclear power generation system of claim 14,
wherein the steam is superheated.

16. The nuclear power generation system of claim 14,
wherein the temperature of steam entering the steam turbine
has a temperature of at least 575 degrees F and is superheated
steam.

17. The nuclear power generation system of claim 12,
wherein a temperature differential between primary coolant
leaving the steam generating vessel and secondary coolant
entering the steam generating vessel is at least 175 degrees F.

18. The nuclear power generation system of claim 17,
wherein the temperature differential is between and including
175-215 degrees F.

19. The nuclear power generation system of claim 12,
wherein the secondary coolant is heated in the feedwater
heater using secondary coolant extracted from the turbine at
two different extraction points, at least one of the extraction
points being at sub-atmospheric pressure.

20. The nuclear power generation system of claim 19,
wherein each of the extraction points is at sub-atmospheric
pressure.

21. The nuclear power generation system of claim 12,
wherein the feedwater heater is a shell and tube heat
exchanger, colder secondary coolant from the condenser
flowing on the tube side and hotter secondary coolant at least
partially in steam form extracted from turbine flowing on the
shell side for heating the tube side secondary coolant.

22. The nuclear power generation system of claim 21,
wherein the secondary coolant extracted from the turbine is at
sub-atmospheric pressure.

23. The nuclear power generation system of claim 12,
wherein the steam generating vessel includes vertically
stacked heat exchangers comprising a preheat section, a
steam generator section, and a superheater section, the sec-
ondary coolant being converted from liquid to superheated
steam flowing upwards through the steam generating vessel.

24. A method for inducing thermally driven gravity flow of
primary coolant through a nuclear reactor, the method com-
prising:
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providing a steam generating vessel fluidly coupled to a
reactor vessel housing a nuclear fuel core which heats a
primary coolant;

circulating the primary coolant through a primary coolant
flow loop formed between the steam generating vessel
and reactor vessel, the primary coolant entering the
steam generating vessel from the reactor vessel at a first
temperature and exiting the steam generating vessel at a
second temperature lower than the first temperature;

heating a secondary coolant in the steam generating vessel
using the primary coolant which converts the secondary
coolant from a liquid entering the steam generating ves-
sel to steam exiting the steam generating vessel, the
secondary coolant entering the steam generating vessel
at a third temperature and exiting the steam generating
vessel at a fourth temperature higher than the third tem-
perature;

circulating the secondary coolant through a secondary
coolant flow loop having an external portion outside to
the steam generating vessel;

expanding the steam in a low pressure steam turbine for
producing electric power;

condensing the steam in a surface condenser to convert the
secondary coolant from steam back into liquid form;

heating the liquid secondary coolant received from con-
denser in a feedwater heater to the third temperature
using fluid extracted from the turbine; and

flowing the heated liquid secondary coolant from the feed-
water heater directly to the steam generating vessel;

wherein the temperature differential between the second
temperature of the primary coolant and the third tem-
perature of the secondary coolant is selected to induce
natural thermally driven gravity circulation of the pri-
mary coolant through the primary coolant flow loop.

25-34. (canceled)
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