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US9275761B2. SMALL MODULAR REACTOR SAFETY SYSTEMS

Claim 1

A modular nuclear reactor system comprising;

a reactor pressure vessel having a removable head;

a primary coolant loop of the nuclear reactor enclosed within the reactor pressure _:—‘3_‘__/70 18
vessel for circulating a primary coolant within the reactor pressure vessel; a

a containment pressure vessel enclosing the reactor pressure vessel, the ) 32
containment pressure vessel being substantially submerged in a liquid pool; %/7 \
an in-containment pool system located within the containment pressure vessel, (124
outside of the reactor pressure vessel and at least in part occupying a lower
portion of the containment pressure vessel below an upper elevation of a 68
reactor core housed within the reactor pressure vessel, the in-containment N 114
pool system having a reserve reservoir of the primary coolant that is isolated B2 \~u34 —
from the primary coolant loop during normal reactor operation, with the c6 N1 20J!
reserve reservoir connected to an inlet to the reactor pressure vessel; N 40— G
a sump, normally isolated from the in-containment pool system, at least in 42— 110 : 108 <
part extending into a lower portion of the containment pressure vessel, for M N
collecting the primary coolant escaping out of the primary coolant loop and 102—T :
into the containment pressure vessel; and 88 :9263 112
a circulation system configured to passively circulate, by natural circulation by 188: 10
convection, the primary coolant from the sump through at least a portion of 104 - E/
the in-containment pool system and into the reactor pressure vessel upon a 94 — — 94
preselected operating condition of the modular reactor system. 78—

106/ '92'9g 92 106

10



3. SMR-160 £9]

US9786393B2



SMR-160 0| = 55 & 2 A& 7li'daf ZHE 55
PASSIVE REACTOR CONTAINMENT PROTECTION SYSTEM

Patent No.

US9786393B2

Date of Patent

Oct. 10, 2017

Assignee SMR INVENTEC, LLC
Appl. No. 14/403082
PCT Filed May 21, 2013

Adjusted Expiration

Oct. 22, 2033

MA e = 5 19%
=2 370 %*(1, 17, 19)

206
/21 6
1402
204 —_| :__g ;_.4_ AIR
3007 [ - 401
- 50 5
311-——————-—"//"——_- __
-] 310 1
2 4 1
2007 || =
33—
71::: i
/ | £
304—L | g
vl \ _—_‘ —] /
314 I -.\I‘ \_\. .‘ ""._\
|\ 303
\‘ "-\ \‘. .".I
\ | \
I\‘ \"\ \
\\ “\,\ | \\II“
301 | \
I\, \ \_\‘I \I.II I\
\ \
\ \

208a

12



US9786393B2. PASSIVE REACTOR CONTAINMENT PROTECTION SYSTEM

Claim 1

A nuclear reactor containment system and containment protection system comprising:

a CV comprising a cylindrical steel shell that surrounds a wet well, the CV defining containment
space configured for housing a nuclear reactor containing a nuclear fuel core emitting heat,
the reactor disposed in the wet well;

a CES surrounding the CV and comprising a hollow cylindrical steel shell; and

a concrete foundation comprised of a bottom slab supporting the cylindrical shell of the CV and
vertically extending sidewalls rising from the slab forming a top base mat supporting the CES,
a lower portion of the CV being positioned inside the sidewalls of the concrete foundation
below the base mat and an upper portion of the CV extending upwards from the base
mat;

a water-filled annular reservoir formed between the CV and CES for serving as the heat sink for
the heat generated inside the containment space, the annular reservoir extending
circumferentially around a perimeter of the upper portion of the CV above the base mat and
the lower portion of CV extending below the annular reservoir;

wherein the annular reservoir is configured to cool the CV by receiving heat generated within
the CV.

T HE o= 7t5d EdS ?loll &0 (abbreviation)Z 7| XSRS
CV: Containment Vessel
CES: Containment Enclosure Structure

310 =2l
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US9786393B2. PASSIVE REACTOR CONTAINMENT PROTECTION SYSTEM CV: Containment Vessel
Claim 17 CES: Containment Enclosure Structure

A nuclear reactor containment system comprising: e Vo
a CV comprising a cylindrical steel shell configured for housing a nuclear reactor containing a
nuclear fuel core emitting heat;

216
402

a CES surrounding the CV and comprising a hollow cylindrical steel shell; A= ij_;'?‘réA,R

a water filled annulus formed between the CV and CES for cooling the CV; sor— |k i,

a plurality of substantially radial fins protruding outwards from the CV and located in the 7 -l
water filled annulus; S N

a concrete foundation comprised of a bottom slab supporting the cylindrical shell of the CV and zgg;_h "

vertically extending sidewalls rising from the slab forming a top base mat supporting the CES,
a lower portion of the CV being positioned inside the sidewalls of the concrete foundation
below the base mat and an upper portion of the CV extending upwards from the base =
mat;

the water filled annulus extending circumferentially around a perimeter of the upper portion of { A
the CV above the base mat and the lower portion of CV extending below the water filled .
annulus;

wherein the water filled annulus is configured to cool the CV by receiving heat generated within T | \
the CV by the fuel core which is transferred to the water filled annulus via the substantially
radial fins;

wherein the water in the annulus is heated and a portion is evaporated and vented to .\ Eay
atmosphere through the CES in the form of water vapor. 208a FIG. 4 302
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US9786393B2. PASSIVE REACTOR CONTAINMENT PROTECTION SYSTEM CV: Containment Vessel
Claim 19 CES: Containment Enclosure Structure

A nuclear reactor containment system comprising:

a CV including a cylindrical steel shell having an outer cylindrical wall, the cylindrical shell configured for housing a nuclear reactor
containing a nuclear fuel core emitting heat;

a cylindrical CES surrounding the CV and comprising a hollow cylindrical steel shell, the cylindrical containment having an inner
cylindrical wall that faces the outer cylindrical wall;

an annular reservoir containing water and formed between the outer cylindrical wall and the inner cylindrical wall, the annular reservoir
for cooling the CV;

a concrete foundation comprised of a bottom slab supporting the cylindrical shell of the CV and vertically extending sidewalls rising
from the slab forming a top base mat supporting the CES, a lower portion of the CV being positioned inside the sidewalls of the
concrete foundation below the base mat and an upper portion of the CV extending upwards from the base mat;

the annular reservoir extending circumferentially around a perimeter of the upper portion of the CV above the top base mat and the
lower portion of CV extending below the annular reservoir,

a plurality of external substantially radial fins protruding outwards from the CV into the annular reservoir and extending between outer
cylindrical wall and the inner cylindrical wall; and

an air cooling system including a plurality of vertical inlet air conduits spaced circumferentially around the CV in the annular
reservoir, the air conduits being in fluid communication with the annular reservoir and outside ambient air external to the CES;

wherein the radial fins have bottom ends attached to and supported by a circumferential annular rib attached to the outer cylindrical
wall of the CV and protruding radially outwards beyond the outer cylindrical wall, the circumferential annular rib seated on the top
base mat of the foundation;

wherein the annular reservoir is configured to cool the CV by receiving heat generated within the CV via the fins and transferring the
heat to the annular reservoir.
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US8638898B2. EMERGENCY CORE COOLING SYSTEM FOR PRESSURIZED WATER REACTOR

Claim 1

An apparatus comprising:

a pressurizer water reactor (PWR) including a pressure vessel containing
a nuclear reactor core and primary coolant water, the pressure vessel
defining an internal pressurizer volume containing a steam bubble
and having at least one steam pressure control device;

a containment structure surrounding the PWR;

an external heat sink disposed outside of the containment structure;

a condenser disposed inside the containment structure and
operatively connected with the external heat sink; and

a valve assembly comprising one or more valves, the valve assembly
operatively connecting the PWR with the condenser responsive to
an abnormal operation signal such that the condenser condenses
steam from the steam buble while rejecting heat to the external
heat sink and returns the condensed water to the PWR.

12: pressure vessel

14: reactor core

30: pressurizer volume

50: water storage tank (RWST)
60: condenser

62: steam pipe

70: external heat sink

120: emergency boron tank

18




US8638898B2. EMERGENCY CORE COOLING SYSTEM FOR PRESSURIZED WATER REACTOR

Claim 12

A method comprising:

operating a pressurized water reactor (PWR) disposed in a containment
structure, the PWR including a pressure vessel containing a nuclear
reactor core and primary coolant water and an internal pressure-
regulating steam bubble; and

responsive to an abnormal operation signal, performing an emergency
core cooling process including operatively connecting a condenser
disposed in the containment structure with the PWR to condense
steam from the steam bubble while rejecting heat to an external
heat sink disposed outside of the containment structure and to
return the condensed water to the PWR.

12: pressure vessel

14: reactor core

30: pressurizer volume

50: water storage tank (RWST)
60: condenser

62: steam pipe

70: external heat sink

120: emergency boron tank

19




US8638898B2. EMERGENCY CORE COOLING SYSTEM FOR PRESSURIZED WATER REACTOR

Claim 16

An apparatus comprising:

a pressurized water reactor (PWR) including a pressure vessel
containing a nuclear reactor core and primary coolant water, the
pressure vessel defining an internal pressurizer volume containing a
steam bubble and having at least one steam pressure control device;

a containment structure surrounding the PWR;

an external heat sink disposed outside of the containment structure;

at least one condenser disposed inside the containment structure
and operatively connected with the external heat sink; and

a valve assembly comprising one or more valves, the valve assembly
configured to (1) respond to a loss of heat sink event by operatively
connecting the at least one condenser with the PWR to condense
steam from the steam bubble and return the condensed water to
the PWR and to (2) response to a loss of coolant accident (LOCA)
by operatively connecting the at least one condenser with the PWR to
condense steam from the steam bubble and return the condensed
water to the PWR.

12: pressure vessel

14: reactor core

30: pressurizer volume

50: water storage tank (RWST)
60: condenser

62: steam pipe

70: external heat sink

120: emergency boron tank

20
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US8867689B2. HEAT REMOVAL SYSTEM AND METHOD FOR USE WITH A NUCLEAR REACTOR

Claim 1

A nuclear reactor, comprising:

a reactor vessel;

a containment vessel that surrounds the reactor vessel;

a first condenser that receives coolant from within the reactor
vessel, the containment vessel and the first condenser at least
partially submerged within a common pool; and

a reactor bay separate from the containment vessel that
surrounds the containment vessel, the reactor bay comprising a
plurality of walls that at least partially define the common pool and
enclose a coolant in the common pool between the
containment vessel and the walls.
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US8867689B2. HEAT REMOVAL SYSTEM AND METHOD FOR USE WITH A NUCLEAR REACTOR

Claim 14

A method of removing heat from a nuclear reactor, comprising:

sensing, prior to actuating a control device, a degradation in cooling
capability of a nuclear reactor;

actuating the control device; and

conveying, responsive to actuation of the control device, vaporized
coolant through a condenser, wherein

the condenser and a containment vessel of the nuclear reactor
are at least partially submerged in a common pool, and wherein

the condenser and the containment vessel are in direct contact with
liquid of the common pool.
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US8867689B2. HEAT REMOVAL SYSTEM AND METHOD FOR USE WITH A NUCLEAR REACTOR
Claim 18

A method of configuring a nuclear reactor and associated condenser
for use, the method comprising:

coupling, structurally or fluidly, the condenser to the nuclear reactor MFiY

that is housed in a containment vessel: and 199~ e b T

at least partially submerging the condenser and the nuclear reactor
into a common pool of liquid within a reactor bay, the common 1
pool at least partially enclosed between a plurality of walls of the v
reactor bay and the containment vessel, wherein %3

the at least partially submerged condenser makes direct contact with ~
liquid of the common pool.
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US8867689B2. HEAT REMOVAL SYSTEM AND METHOD FOR USE WITH A NUCLEAR REACTOR

Claim 21

A heat removal system, comprising:

a condenser operable to remove heat from a nuclear reactor, the
condenser being at least partially submerged in a pool
surrounding the nuclear reactor;

means for detecting a degradation in cooling capability of the nuclear
reactor; and

means for controlling vaporized coolant flow to the condenser in
response to an output signal from the means for detecting a
degradation in cooling capability.
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US8867689B2. HEAT REMOVAL SYSTEM AND METHOD FOR USE WITH A NUCLEAR REACTOR

Claim 25

A nuclear reactor, comprising:

a reactor vessel;

a containment vessel that surrounds the reactor vessel;

a first condenser that receives coolant from within the reactor
vessel, the containment vessel and the first condenser at least
partially submerged within a common pool;

a control device adjustable to permit coolant to flow from the first
condenser to a first portion of a heat exchanger within the reactor
vessel; and

a degradation sensor responsive to degradation in a cooling system of
the nuclear reactor, the degradation sensor operable to generate an
output signal to an input port of the control device, and the control
device adjustable to permit coolant to flow from the first condenser
to the heat exchanger within the reactor vessel.
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\\\\t\%\\g

N

41 —
MI|/XE 7| Yo =25 /X2 MO Z M AV /X2 7| Lo =25 1Kk} H2Hx|
(primary coolant) L 0| 274 Zl(immersed), & A}2 =M (nuclear reactor core);

50 ~—.

/

100

/

27 X2 87| & 2= £lE(partial vacuum) M Ef 2 S2{ M1 K| LHoj| B +E|l= dAYH 87

ZM, A7 48872 &7 AXAZE 7| AO|Of HiX| &l A FH=2 &7 AArE ZEHM |8
& ZF&(normal operation) S 0| ZAZESHA| FX| =2, &7 A 87[= & 7| 1 S240H|7F 4 A0y
I\ to 2 A== AS UXSteE A=l AH 7|(containment vessel); 5! i/i/’
L= 6
/,.J
27| |XIE 87| L2 1} E-Qf = (over-pressurization) 2’d 0| & 7| 1X HZHE &7 JXF 2 EIIIII’\:':/
= 87|25 47] 2 Yo 9o = HOhSSA HENTIES THE 57| BESeeam | | I

vent; 58)2A{, &7 AH 87[9| IS HETHO| M| &7| 1At B4 X[ 2| 852 SotK &7 &%t o
2 Lo 10| HAHEI =5 ol=, 57| HIER; & E£&ot=, AAE ZE M|(power module
assembly).
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A[A S 2. AXZE E&ol= BAXAZE A 3 AXZ 2| S 2 Y
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Hpgi13

A2 87| Lol M 02 /YO LIEfLE R0 ’XI27t S8 X (scramming) | =, & A}

2 22™X| oA,
. 58
1K HZEN| 7 S 7| =20 2|51, &t 7| |IXE 7|28 H, 27| |IXE 7|g AL &7 Y ,
ALO|Of B X|=| 10 47| 0@ 2 FHojl= X8 A'Y HH(containment region) 2t 2, T 7| s
EM HOZISSHA WEL| =, 57| &= CTHA; )
Ht=2l A7 7171 A47] A4 87|19 W= EH(55)0M S5E =, 7] 85 HHA; o w\i!ﬁ_ﬂﬁﬁﬂ_wm
— [ i k /__"23
A7 AL 8I7|E 2N A= YN 0jH = S2[E0| MEE = 1|8 ME CHA|; 8 [ //V,___?‘2
_ N N | e
271 LHE 2HO ML 7|2 =0 2|50, 4 EH & & (containment pressure)O| & Al HA| LY *i,f/,,_ 6
2 QAlEl, ZE o2 9 X| T, Zelela, | al’
oA rl_;’i
27 A2 S EX EHA, S7| H= CHA, B7| 8= THA, 80|E TS BHA, S AH &4 H
X BHA= UM 7| X El =MOU 2 sl =, FIALZ O U2 Bt 35~
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QLHZIE 2 YAHEE EESHE UAHE UK X UXHZO| W2
(10-2010-7013054, 10-1299979)

Hpg 22

QAXIE LA E5H0] 14 WZIHE 23HA|7| 2 2ME AXIE 87|(52)2M, A7| AXE |

AL QLAY 1K HZER = ALY YRR 7| LYo 285s, AXIE 27, e /%
.

AL7| AXLE 87| LYo TQ AFEjO| SEH3I0] AH7| YXIE 7|2 SR{ME Y 87| ot n—7

2 M7 15 U2 E S7|2M MO 7SS BHEAF| 22 TME S| WS E(58)2 A, _

/

711X S S7I12M &7 4 7| L2 S=E[7| Hol= &7 AH 87|12 LHS
BEHHNZL A=t &7 S71= 471 4H 8712 47| L5 BHO|M S5EH, &7 S
SE 371 471 49 8712 47| U= 52Hi &7 AX2 87]12] o= ¥ ALO|of|M AF

100

/

& 1X Y 2H 9| F(pool) HABHE, B7| BiE R (58); X P

L~ 22
A7) 1% SR 2 47| AKIZ 87| QO R E|E3 4V| X2 LA EEE 23 AL
N7|AIE FYE 85 WE(s7)2A, 47| 14 SZH|O| B2 SXE S7I=MU USO, 11"
S5 We 2w, AxtE ZYH| IR LY

36



NuScale O|=t §9{ = Ot A& 7{'E 1} 2t &l £

INTERNAL DRY CONTAINMENT VESSEL FOR A NUCLEAR REACTOR

Patent No. US10186334B2 w ;ﬁg%mw
Date of Patent Jan. 22, 2019 | %///
Assignee NuScale Power, LLC. = /ﬁ
Appl. No. 13/563527 o I
Filed Jul. 31,2012 BN
Adjusted Expiration May 24, 2032

I—IX-" 7C-I__|.Lo|- o~ = zo'cg!-
EEIoI- 27Ho|-(1 11)

KIA-'-

S22 187l

37



US10186334B2. INTERNAL DRY CONTAINMENT VESSEL FOR A NUCLEAR REACTOR
Claim 1

A power module assembly comprising:
a reactor core;

a reactor vessel housing the reactor core, wherein the reactor core is

submerged in primary coolant contained within the reactor vessel; %”W% %
a containment vessel which substantially surrounds the reactor vessel, 41 — %
wherein the containment vessel is internally dry and forms a )

/

containment region which is maintained at a below atmospheric 100 0
pressure during normal operation of the power module assembly; and

a vent configured to controllably release the primary coolant from the
reactor vessel into the containment vessel as primarily steam during an

/

over-pressurization event, wherein the containment vessel is configured | w/jx’“ 22
to retain all of the released primary coolant within the containment -://,._ 6
vessel, wherein the containment vessel is at least partially surrounded 26 L illil[’\"/

by a heat sink, and wherein a decay heat of the reactor core is \ w

transferred to the heat sink primarily through condensation of the
released primary coolant on an inner surface of the containment vessel.
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US10186334B2. INTERNAL DRY CONTAINMENT VESSEL FOR A NUCLEAR REACTOR
Claim 11

A power module assembly comprising:
a reactor core;

a reactor vessel housing the reactor core, wherein the reactor core is

submerged in primary coolant contained within the reactor vessel; w7 %
a containment vessel which substantially surrounds the reactor vessel; 41 — %
means for controllably releasing the primary coolant as steam into the ;

containment vessel in response to a high pressure condition within the 0T

reactor vessel, wherein an inner surface of the containment vessel is dry N

prior to releasing the primary coolant as steam in to the containment

vessel, and wherein steam that condenses on the inner surface of the

containment vessel forms a pool of primary coolant in the containment | w/jx’“ 2

vessel; and M s
means for drawing the pool of primary coolant back into the reactor 2’5\ L illil[ilj/

vessel. kﬂ/
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US8687759B2. INTERNAL DRY CONTAINMENT VESSEL FOR A NUCLEAR REACTOR
Claim 1

A power module assembly comprising:

a reactor core immersed in a primary coolant;

a reactor vessel housing the primary coolant and the reactor core, wherein an
inner surface of the reactor vessel is exposed directly to the primary
coolant during normal operation of the power module assembly;

an internal dry containment vessel in direct contact with and completely
submerged in liquid, wherein the containment vessel substantially
surrounds the reactor vessel in a below atmospheric pressure condition,
wherein an outer surface of the reactor vessel is exposed directly to the
below atmospheric pressure condition during the normal operation of the
power module assembly, and wherein the containment vessel is configured

to prohibit a release of the primary coolant out of the containment vessel;
and

a vent configured to controllably release the primary coolant into the
containment vessel as primarily steam during an over-pressurization event.
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US8687759B2. INTERNAL DRY CONTAINMENT VESSEL FOR A NUCLEAR REACTOR
Claim 14

A power module comprising:

a containment vessel in contact with and substantially submerged in a liquid,
wherein during normal operation of the power module, the containment vessel is
configured to prohibit a release of a primary coolant out of the containment vessel,
and wherein during normal operation of the power module, the containment
vessel is maintained at a below atmospheric pressure condition; 41—

a reactor vessel mounted inside the containment vessel, wherein during normal
operation of the power module, substantially all thermal insulation of the reactor
vessel is provided by the below atmospheric pressure condition;

a reactor core submerged in the primary coolant; and

50 ~—.

/

100

/

a steam vent connected to the reactor vessel, wherein when the reactor core becomes
over-heated the steam vent controllably releases the primary coolant as M,/,-_;;z
primarily steam in to the containment vessel, wherein the steam condenses on an i//*/
inner surface of the containment vessel and forms a pool of primary coolant A °
extending between the inner surface of the containment vessel and an outer surface 26\ AR

of the reactor vessel, and wherein the entire inner surface of the containment

vessel is dry during the normal operation of the power module and prior to the 55 ~
steam being vented into the containment vessel.
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US8687759B2. INTERNAL DRY CONTAINMENT VESSEL FOR A NUCLEAR REACTOR
Claim 26

A power module assembly, comprising:

means for circulating primary coolant through a reactor core, wherein the reactor core
and the primary coolant are housed in a reactor vessel;

means for controllably releasing the primary coolant as steam into a containment
vessel substantially surrounding the reactor vessel in response to a high pressure
condition within the reactor vessel, wherein an entire inner surface of the
containment vessel is dry prior to releasing the primary coolant as steam into
the containment vessel, wherein the steam condenses on the inner surface of the
containment vessel, and wherein the condensed steam forms a pool of primary
coolant extending between an outer wall of the reactor vessel and the inner surface
of the containment vessel; and

means for circulating the pool of primary coolant back into the reactor vessel and l/,//——zz
through the reactor core, wherein the pool of primary coolant is made up i//*/ o
entirely of the condensed steam. > AT
RNARLY
"/
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