US 20130235968A1
a9y United States

12y Patent Application Publication (o) Pub. No.: US 2013/0235968 Al

Young et al. 43) Pub. Date: Sep. 12, 2013
(54) REACTOR VESSEL COOLANT DEFLECTOR Publication Classification
SHIELD
(51) Int.CL
(75) Inventors: Eric Paul Young, Corvallis, OR (US); G21C 15/24 (2006.01)
John T. Groome, Corvallis, OR (US); (52) U.S. CL
Jose N. Reyes, JR., Corvallis, OR (US) USPC e e 376/395
(73) Assignee: NuScale Power, LLC, Portland, OR (57) ABSTRACT
(US) A power module includes a reactor vessel containing a cool-
ant and a reactor core located near a bottom end of the reactor
(21) Appl. No.: 13/448,488 vessel. A riser section 1s located above the reactor core,
wherein the coolant circulates past the reactor core and up
(22) Filed: Apr. 17,2012 through the niser section. In one embodiment, a coolant
deflector shield includes flow-optimized surfaces, wherein
Related U.S. Application Data the tlow-optimized surfaces direct the coolant towards the

bottom end of the reactor vessel. In another embodiment, the

reactor housing includes an inward facing portion that varies

a flow pressure of the coolant and promotes a circulation of

(60) Provisional application No. 61/115,614, filed on Nov. the coolant past a battle assembly and towards the bottom end
18, 2008. of the reactor vessel.

(62) Davision of application No. 12/393,577, filed on Feb.
26, 2009.




Patent Application Publication

.-‘.n-'.-i'-'|‘|.'.'-'|-"-'|-l'-'.-|'a'|'I‘-I

o

X

X

™o

']
-
X
5

m .

he
L
~
e
s

b W b kb kb d bk b kb b b ok ok bk b b b kb kb ok

T,

s

F
. LI
I

o ar s

5.

't
B e aE

sk

4
e
£

h
T
-1

£F
=1

e i
s

g

P S A e
SR 3

._i;| -

Lt

-

L3

FRLELEEEL RN R R R kR ko ERF A FE R i"illll-lllll-i-i‘l-'illll'l-lll-'i'lllllllll-il'l-'l-ill-llll'l-'l-ill-l:
b ok ok ko ko ko ko ko ko

*

w8 At
4 N :
+«
a
-
.
-
- [
'
« N
- e
d'*-i .
n '
i_i-l
v
e T ah
I Y ITRL)

. m A
il
e ¥

e TR T T B
& . -

.-!I-l.l-lll-lll-ﬂ-ll_-,l
Faliarboirbift- i

T U R
PrEur i Brirh KL

o

X

FEN L]

S

-

.

Yy

Lkl e

.'L‘-
¥

ot s

PP L O] ARl = A
% Bk Tk ok ok oh ke hch o
||'rr|'r|'l|-r-

Sep. 12,2013 Sh

fop i

b ok o

L]
-

o o ko kT ko ko ko

Tmdppbpbbb. [ LOLIREEIET

PRIOR ART

' .. L

i W A Ak T

m CFi =
.o 1,! t ?lll LA -
A A O

T
l'.; r . J;'H.
Lol

B u!

T

-
L

i

s

-;;‘fr
"5
&

FEM

.I‘.--.‘n--.l.-.J'.-:."|='-.‘@|I=:‘I':Ir-Ill

'.51':5._

: A al B e e ks
-i.'.-r'i."..i.\ KA e

Ao A RERIELY

HEFRRF R F RS

i

..l.#_

b

'm:":""a_:._-.:.,.

[y ] Ty

"
v
.
.
]
r
.
a1
]
]

- gl

L

N i

e

I

o T Bk i.- L B s B XY

o meaea s

-
A =

. ’ T
A o

sy it o ol F

o M b g e el e

A

i P e P, S, L. R L L LN e NN N )

i R
"'"“u#y-.

v

e Ed i

L

Hlra

otk bk b bk b bk Bk bk F

[ Ll Tl Tl o I L Sl e T L L

l-*l-

LE "1 "
i B e
]
.i
!
)
.
g
o,
) +H
45
.
[ £
¥ H
> B
-
-
.
X
1B
F
I
IE-.
).
1 i-
4
),
;
LB
Py
= s
a
.
P

e

s

B T

A

R

HELE TS AR R

TRV e A

QL TURFT RS

LE

| rag
i

L LA e L

SATRCRA R

)

mapr

-

';l.l'lll' o E O e T U T By
L
. M-

TR

sanr

e

e

.-1‘;;*.Aﬁh.ﬁﬁ

e

EEFRRAL LA SC

e

e
r

.m.'\.:.':“"-.-

T e

LLELE LR Rl

e e N R Ty i el

.
- L o

g

T

bt gy

s Sl

-3 |'h.r

s

I
"o *.

a
'
" r_J_l'h.l 1 FE

é-ﬁﬂﬁ,ﬁ i“‘.i" LU T T P e e e
- . 1 N LED

g e o e P P pife o iy o wte sy o e e e Y S W et P IO P P S S

L

S

A e P e h'hﬁ--ﬁ:ﬁﬁﬁ;ﬂ

My o

eet 1 of 7 US 2013/0235968 Al

| et

A

-

I R R R
'.-':-":'-'.-"i".-"'r'.-"ra.-"r'

:

It A R o A

A R N

[

"o e T e = e s Sy A

i A b P e A pr i
m i
M

r

'
i

e

e S L L L R

..::;.-'n'.l‘\-r.h"a'\q‘\-

'-i-:’..

A AR
i
i
s
e L O

T TR L T !
e st s L T

Seas A d

IR XA TR L AT
. = Rt

- il 11"5' ' L
4 -A"'l" 'm-'. -
N -
- \; i
* '.1"":1 -
. n -
. ."""" . "_'.le.i .'_'.:Qi
« R o AT PR k 1
N .";"' s .'1*1‘ ) :;"
X - = o I-q?l.
. o et Tl
+ ohl
- T =+
- LD ra
+ r:h“ a4
L .'\F -
+ -
L] i
o+ =
* -
- -
4 - g
' W
& ?
+ .
+ L S+
+ AR o
B e <
4 s
4 [
-+ E 1 5
3 2 u l'|---"$|l MY ‘}'ﬁ
5 - ' i 14
i % M—‘f‘w"ﬁ'.nn‘f-"-.'r" [
s, AP S T

[ ]

", e

“a .

ok ok ok kb ckae AR



Patent Application Publication

15
17~
g
Ho |

-‘..I.-F
w”__..r'l""
e

Sep. 12, 2013 Sheet 2 of 7

A 56

AN | _SPRAY /.

g o LEVEL

..--‘F"“""'“J bﬁh
l‘ﬂﬂﬂww = 203
TH
I —
. UE
S ‘;& %‘ r'j i H*‘mmm
\\“// \\,.._.,-/
SSJ‘ P

iiiiii

L
o

US 2013/0235968 Al



Patent Application Publication  Sep. 12, 2013 Sheet 3 of 7 US 2013/0235968 Al

45
47} i
6 . ‘
\"'H .
o~
{ )
55 .

arart
{2
- 2




Patent Application Publication  Sep. 12, 2013 Sheet 4 of 7 US 2013/0235968 Al

IILE N



Patent Application Publication  Sep. 12, 2013 Sheet 5 of 7 US 2013/0235968 Al

FiG, 3

PIG. 9



Patent Application Publication  Sep. 12, 2013 Sheet 6 of 7 US 2013/0235968 Al

FiG. 10



Patent Application Publication  Sep. 12, 2013 Sheet 7 of 7 US 2013/0235968 Al

FIG. 11

CIRCULATE
COOLANT THROUGH
REACTOR HOUSING

210
VARY
FLUID PRESSURE
OF COOLANT
228

I e ke

INEIBIT FLOW

OF COOLANT INTO
PRESSURIZER REGION
230

mnﬂﬂll--i“ﬂmHn T

ir:"-q“mwmﬁ HHHHHHHHHHHHHHHHH II-H':

DIRECT
COOLANT AROQUND
REACTOR HOUSING

tu--*mﬂmmmmm ““““““““““




US 2013/0235968 Al

REACTOR VESSEL COOLANT DEFLECTOR
SHIELD

[0001] This application claims priority to U.S. Provisional
Patent Application Ser. No. 61/115,614, filed on Nov. 18,
2008 which 1s incorporated by reference 1n 1ts entirety.

TECHNICAL FIELD

[0002] The mvention relates to the field of nuclear power
generation, including systems designed to cool areactor core.

BACKGROUND

[0003] In nuclear reactors designed with passive operating
systems, the laws of physics are employed to ensure that safe
operation of the nuclear reactor 1s maintained during normal
operation or even 1n an emergency condition without operator
intervention or supervision, at least for some predefined
period of time. A nuclear reactor 5 includes a reactor core 6
surrounded by a reactor vessel 2. Water 10 1n the reactor
vessel 2 surrounds the reactor core 6. The reactor core 6 1s
turther located 1n a shroud 122 which surrounds the reactor
core 6 about its sides. When the water 10 1s heated by the
reactor core 6 as a result of fission events, the water 10 1s
directed from the shroud 122 and out of a riser 124. This
results 1n further water 10 being drawn 1nto and heated by the
reactor core 6 which draws yet more water 10 1nto the shroud
122. The water 10 that emerges from the riser 124 1s cooled
down and directed towards the annulus 123 and then returns
to the bottom of the reactor vessel 2 through natural circula-
tion. Pressurized steam 11 1s produced in the reactor vessel 2
as the water 10 1s heated.

[0004] A heat exchanger 135 circulates feedwater and
steam 1n a secondary cooling system 130 1n order to generate
clectricity with a turbine 132 and generator 134. The feedwa-
ter passes through the heat exchanger 135 and becomes super
heated steam. The secondary cooling system 130 includes a
condenser 136 and feedwater pump 138. The steam and feed-
water 1n the secondary cooling system 130 are 1solated from
the water 10 1n the reactor vessel 2, such that they are not
allowed to mix or come 1nto direct contact with each other.
[0005] The reactor vessel 2 1s surrounded by a containment
vessel 4. The containment vessel 4 1s designed so that water or
steam from the reactor vessel 2 1s not allowed to escape 1nto
the surrounding environment. A steam valve 8 1s provided to
vent steam 11 from the reactor vessel 2 into an upper half 14
of the containment vessel 4. A submerged blowdown valve 18
1s provided to release the water 10 into suppression pool 12
containing sub-cooled water.

[0006] Water 10 circulates through the reactor vessel 2 as a
result of temperature and pressure differentials that develop
as a result of heat generation through reactor operation and
through heat exchange with the secondary cooling system
130. Accordingly, the efficiency of the circulation depends on
the thermal properties of the reactor module 5 as well as its
physical design and geometry. Conventional nuclear reactors
include certain design features that tend to provide less than
optimal coolant circulation, and must therefore rely on
increased coolant volume or redundant components to ensure
suificient performance The present invention addresses these
and other problems.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 1llustrates a nuclear power system.
[0008] FIG. 2 illustrates a power module assembly com-
prising an internally dry containment vessel.
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[0009] FIG. 3 illustrates a cross sectional view of an
embodiment of a power module assembly comprising a reac-
tor vessel deflector shield.

[0010] FIG. 41llustrates a partial view of an example power
module assembly comprising a reactor vessel detlector shield
supported by one or more control rod guide tubes.

[0011] FIG. 51llustrates a partial view of an example power
module assembly comprising a baille assembly and a coolant
flow augmentation mechanism.

[0012] FIG. 6 1llustrates an example ba
prising a reactor vessel deflector shield.

[0013] FIG. 7 illustrates a partial view of an example power
module assembly comprising a reactor vessel deflector shield
and coolant flow augmentation mechanism.

[0014] FIG. 8 illustrates a plan view of an embodiment of
the coolant flow augmentation mechanism comprising a plu-
rality of inward facing portions.

[0015] FIG. 9 illustrates an elevated side view of an
embodiment of the coolant flow augmentation mechanism
comprising a continuous mward facing portion.

[0016] FIG. 10 1llustrates coolant flow around a coolant
flow augmentation mechanism.

[0017] FIG. 11 1llustrates a novel method of cooling a reac-
tor core using a reactor vessel deflector shield.

[,

le assembly com-

SUMMARY OF THE INVENTION

[0018] A power module is herein disclosed as comprising a
reactor vessel containing a coolant, and a reactor core located
near a bottom end of the reactor vessel. A riser section 1s
located above the reactor core, wherein the coolant circulates
past the reactor core and up through the riser section. The
power module further comprises a coolant detlector shield
including an ellipsoidal or other flow-optimized surface,
wherein the flow-optimized surface directs the coolant
towards the bottom end of the reactor vessel.

[0019] A nuclear reactor module 1s herein disclosed as
comprising a reactor vessel including an upper end and a
lower end, a pressurizer located near the upper end of the
reactor vessel, and a reactor core located near the bottom end
of the reactor vessel. The nuclear reactor module further
comprises a baille assembly located between the reactor core
and the pressurizer, and a reactor housing the directs coolant
flow through the reactor core. The reactor housing comprises
an inward facing portion that varies a tlow pressure of the
coolant and promotes a circulation of the coolant past the
baille assembly and towards the bottom end of the reactor
vessel.

[0020] A method of cooling a reactor core 1s herein dis-
closed as comprising circulating a primary coolant through a
reactor housing comprising an upper riser, and directing a
flow of the coolant down a reactor vessel and around the
reactor housing, wherein an ellipsoidal shaped lower end of
the reactor vessel promotes coolant flow through the reactor
core. An ellipsoidal or flow-optimized surface shaped detlec-
tor shield located above the upper riser promotes coolant flow
around the reactor housing.

[0021] The mvention will become more readily apparent
from the following detailed description of a preferred
embodiment of the mnvention which proceeds with reference
to the accompanying drawings.
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DESCRIPTION OF EXAMPLE EMBODIMENTS

[0022] Various embodiments disclosed or referred to herein
may be operated consistent, or 1n conjunction, with features
found in co-pending U.S. application Ser. No. 11/941,024
which 1s herein incorporated by reference 1n its entirety.

[0023] FIG. 2 1llustrates a power module assembly 235 com-
prising an internally dry containment vessel 54. The contain-
ment vessel 54 1s cylindrical 1n shape, and has ellipsoidal,
domed, concave or hemispherical upper and lower ends. The
entire power module assembly 25 may be submerged 1n a
pool of water 16 which serves as an effective heat sink. The
pool of water 16 and the containment vessel 34 may further be
located below ground 9 1n a reactor bay 7. The containment
vessel 54 may be welded or otherwise sealed to the environ-
ment, such that liquds and gas do not escape from, or enter,
the power module assembly 25. The containment vessel 54
may be supported at any external surface.

[0024] In one embodiment, the containment vessel 54 1s
suspended 1n the pool of water 16 by one or more mounting,
connections 180. A reactor vessel 52 1s located or mounted
inside the containment vessel 54. An inner surface of the
reactor vessel 52 may be exposed to a wet environment
including a coolant 100 or liquid, such as water, and an outer
surface may be exposed to a dry environment such as air. The
reactor vessel 52 may be made of stainless steel or carbon
steel, may include cladding, and may be supported within the
containment vessel 34.

[0025] Thepower module assembly 25 may be sized so that
it can be transported on a rail car. For example, the contain-
ment vessel 54 may be constructed to be approximately 4.3
meters in diameter and approximately 17.7 meters 1n height
(length). Refueling of the reactor core 6 may be performed by
transporting the entire power module assembly 50 by rail car
or overseas, for example, and replacing 1t with a new or
returbished power module assembly which has a fresh supply

of tuel rods.

[0026] The containment vessel 54 encapsulates and, 1n
some conditions, cools the reactor core 6. It 1s relatively
small, has a high strength and may be capable of withstanding
s1X or seven times the pressure of conventional containment
designs in part due to 1ts smaller overall dimensions. Given a
break in the primary cooling system of the power module
assembly 25 no fission products are released into the environ-
ment. Decay heat may be removed from the power module
assembly 235 under emergency conditions. The reactor core 6
1s 1llustrated as being submerged or immersed in a primary
coolant 100, such as water. The reactor vessel 52 houses the
coolant 100 and the reactor core 6. A reactor housing 20
comprises a shroud 22 1n a lower portion and a riser 24 in an
upper portion of the reactor housing 20. The riser 24 may be
substantially cylindrical in shape. The shroud 22 surrounds
the reactor core 6 about 1ts sides and serves to direct the
coolant 100 (shown as coolant flow 26, 28) up through the
center of the riser 24 located 1n the upper half of the reactor
vessel 52, then back down the annulus 23, as a result of natural
circulation ofthe coolant 100. In one embodiment, the reactor
vessel 52 1s approximately 2.7 meters 1in diameter and
includes an overall height (length) of approximately 13.7
meters. The reactor vessel 52 may include a predominately
cylindrical shape with ellipsoidal, domed, concave, or hemi-
spherical upper and lower ends. The reactor vessel 52 1s
normally at operating pressure and temperature. The contain-
ment vessel 54 1s mternally dry and may operate at atmo-
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spheric pressure with wall temperatures at or near the tem-
perature of the pool of water 16.

[0027] The contamnment vessel 54 substantially surrounds
the reactor vessel 52 and may provide a dry, voided, or gas-
cous environment 1dentified as containment region 44. Con-
tainment region 44 may comprise an amount of air or other {ill
gas such as Argonne. The containment vessel 54 includes an
inner surface or mner wall which 1s adjacent to the contain-
ment region 44. The containment region 44 may include a gas
or gases 1nstead of or in addition to air. In one embodiment,
the containment region 44 1s maintained at or below atmo-
spheric pressure, for example as a partial vacuum. Gas or
gasses 1n the containment vessel may be removed such that
the reactor vessel 52 1s located 1n a complete or partial
vacuum 1n the containment region 44.

[0028] During normal operation, thermal energy from the
fission events 1n the reactor core 6 causes the coolant 100 to
heat. As the coolant 100 heats up, 1t becomes less dense and
tends to rise up through the riser 24. As the coolant 100
temperature reduces, 1t becomes relatively denser than the
heated coolant and 1s circulated around the outside of the
annulus 23, down to the bottom of the reactor vessel 52 and up
through the shroud 22 to once again be heated by the reactor
core 6. This natural circulation causes the coolant 100 (shown
as coolant tlow 26, 28) to cycle through the heat exchanger
135, transierring heat to a secondary coolant, such as the
secondary cooling system 130 of FIG. 1, to generate electric-
ty.

[0029] FIG. 3 illustrates a cross sectional view of an

embodiment of a power module assembly 30 comprising a
reactor vessel detlector shield 35. Reactor vessel 52 contains
a reactor core 6 located near a bottom end 35 of the reactor
vessel 52. A riser section 24 1s located above the reactor core
6, wherein coolant circulates past the reactor core 6 to become
high-temperature coolant T,, and then continues up through
the riser section 24 where 1t 1s directed back down the annulus
and cooled off by a heat exchanger 135 (FIG. 1) to become
low-temperature coolant T ..

[0030] The reactor vessel deflector shield 35 comprises a
flow-optimized ellipsoidal, domed, concave, or hemispheri-
cal shaped portion 35A, wherein the flow-optimized portion
35A directs the coolant (shown as coolant flow 26) towards
the bottom end 335 of the reactor vessel 52. The ellipsoidal
portion 35A may come 1nto direct contact with and detlect the
coolant that exits the riser section 24. The ellipsoidal portion
35A operates to reduce a flow resistance or turning loss of the
coolant flow 26, as compared to an interaction of the coolant
with a flat, or 1irregular surface, or plenum region without a
solid interface. In one embodiment, the reduction 1n turning
loss 1s by a factor of four or five compared to systems without
a deflector shield. The reactor vessel detlector shield 35 may
be made of stainless steel or other materials which may be
formed into an ellipsoidal or optimized shaped surface.

[0031] Inoneembodiment, the bottom end 55 ofthe reactor
vessel 52 comprises a second flow-optimized ellipsoidal,
domed, concave, or hemispherical portion S5A, wherein the
second ellipsoidal portion 55A directs the coolant (shown as
coolant flow 28) towards the reactor core 6. The ellipsoidal
portion 35A and second ellipsoidal portion 55A 1increase tlow
rate and promote natural circulation of the coolant through
the reactor core 6.

[0032] An optimization of the coolant flow 26 may be
obtained according to a ratio of the distance Ho between the
top of the riser section 24 and the center of the reactor vessel
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deflector shield 35 and the relative distance Do between the
walls of the riser section 24, wherein the dimension La rep-
resents the distance between the outside of the riser 24 and the
inside surtace of the reactor vessel 52. In one embodiment,
the distance Do equals the diameter of the riser section 24.
The flow area inside the riser 1s Ao, the flow area inside the
annulus 1s Aa. The optimized coolant flow ratios may be
represented as Ho/Do and Aa/Ao.

[0033] Inoneembodiment, the optimized coolant flow ratio
Ho/Do comprises a value 0.1 and 2.0, and the flow ration and
Ao/Aa comprises a value between/approximately 1 and 10.
Further optimization of the coolant tflow 26 may be obtained
by moditying the radius of curvature of the surface of ellip-
soidal portion 35A to eliminate/minimize boundary layer
separation and stagnation regions.

[0034] The reactor vessel deflector shield 35 i1s illustrated
as being located between the top of the riser section 24 and a
pressurizer region 135. The pressurizer region 15 1s shown as
comprising one or more heaters 17 and a spray nozzle 19
configured to control a pressure, or maintain a steam dome,
within an upper end 56 of the reactor vessel 52. Coolant
located below the reactor vessel deflector shield 35 may com-
prise relatively sub-cooled coolant T, », whereas coolant in
the pressurizer region 15 1n the upper end 56 of the reactor
vessel 52 may comprise substantially saturated coolant T, -
A fluid level of the coolant 1s shown as being above the reactor
vessel deflector shield 35, and within the pressurizer region
15, such that the entire volume between the reactor vessel
deflector shield 35 and the bottom 55 of the reactor vessel 52
1s Tull of coolant during normal operation of the power mod-
ule assembly 30.

[0035] FIG. 41llustrates a partial view of an example power
module assembly 40 comprising a reactor vessel detlector
shield 35 supported by one or more control rod guide tubes or
instrumentation structures 45. The one or more control rod
guide tubes or instrumentation structures 45 may be attached
to an upper end of the reactor vessel 52, and serve to guide
control rods that are inserted into, or removed from, the
reactor core 6, or provide support for instrumentation devices
located 1nside the reactor vessel 52. By attaching or suspend-
ing the reactor vessel deflector shield 35 from the one or more
control rod guide tubes or mstrumentation structures 45, the
reactor vessel detlector shield 35 may be free from contacting,
the sides of the reactor vessel 52. By 1solating the reactor
vessel deflector shield 35 from the reactor vessel walls 52, the
reactor vessel detlector shield 35 1s protected from changes in
rates of thermal expansion of the different materials and
structures of the power module assembly 40, or from any
movement of components that might otherwise damage the
reactor vessel deflector shield 35 or the reactor vessel 52. The
riser section 24 1s illustrated as comprising an inward facing,
portion 65 that varies a flow pressure of the coolant to reduce
a turning loss of the coolant 26 circulating by the reactor
vessel deflector shield 35.

[0036] In one embodiment, the cross section of the inward
facing portion 65 approximates a cross section of an airplane
wing 1n shape, but with a smaller cross sectional area, for
example. The cross-section blunt end of the inward facing
portion 635 may face the top of the vessel or the bottom, or be
blunt on both ends. The inward facing portion 65 may be
continuously located around a perimeter of an upper end of
the reactor housing 20 or riser section 24 (e.g. F1G. 9). The
inward facing portion 65 may eflect a change in pressure and
accompanying loss of turning resistance of the coolant 26
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about the entire perimeter of the riser section 24. In one
embodiment, the inward facing portion 65 comprises mul-
tiple portions (e.g. FIG. 8) located around a perimeter of the
upper end of the reactor housing 20 or riser section 24. The
inward facing portion 65 may be understood to affect the
coolant flow 26 or fluid pressure similar to the aerodynamics
of an airplane wing, 1n that the flow 1s preferentially directed
to minimize regions of separation and the related losses.

[0037] FIG. Sillustrates a partial view of an example power
module assembly 150 comprising a baille assembly 50 and a
coolant tflow augmentation mechanism comprised of inward
facing portion 65. The reactor vessel 52 includes an upper end
56 and a lower end 55 (FIG. 3). Pressurizer region 15 1s
located near the upper end 56 of the reactor vessel 52, whereas
the reactor core 6 1s located near the bottom end 55 of the
reactor vessel 52. Ballle assembly 50 1s shown 1illustrated as
being located between the reactor core 6 and the pressurizer
region 15. The reactor housing 20 (FIG. 3) directs coolant
flow 28 through the reactor core 6, wherein the reactor hous-
ing 20 comprises mmward facing portion 63 that varies a flow
pressure ol the coolant and promotes a circulation of the
coolant (1llustrated as coolant flow 26) to by-pass the batile
assembly 50 and towards the bottom end 35 of the reactor
vessel 52.

[0038] The baflle assembly 50 comprises an upper batile
plate 62 and a lower batlle plate 64. A hot/cold liquid interface
Lo due to stratification 1n the baille region may exist between
the upper and lower battle plates 62, 64 separating the sub-
cooled coolant T.,,» from the saturated coolant T, The
liquid interface Lo provides a medium 1n which the first fluid
entering the pressurizer region when tlow 1s 1nto the pressur-
1zer, 1s hot fluid, and afterwards the subcooled coolant T, 5
entering the pressurizer heats up (or mixes together with
saturated coolant T . ) before entering the pressurizer region
15. The batile assembly 50 operates to impede a tlow of the
subcooled coolant T, 5 from entering the pressurizer region
15, comprising substantially saturated coolant T, The
baftle assembly 50 helps maintain or create a thermal trap
between the upper and lower batlle plates 62, 64. A steam
dome may be maintained 1n pressurizer region 15, or the
upper end 56 of the reactor vessel 52. I the subcooled coolant
T ;5 1s allowed to enter the pressurizer region 15 too quickly,
it may result 1n a loss of reactor vessel pressure or collapse of
the steam dome.

[0039] The batlle assembly 50 effectively increases a flow
path length from the subcooled coolant T, ,» on a first side of
the ballle assembly 50 to the saturated coolant T, on a
second side of the baitle assembly 50. Coolant flow (1llus-
trated as F1) entering the batile assembly 50 1s allowed to tlow
around or by the lower batile plate 64. The coolant tlow
(1llustrated as Fo) next maneuvers around one or more inter-
nal batiles 72, 74 belore exiting into the pressurizer region 15
as coolant flow F2, through or by the upper batlle plate 62.
The tflow path made by the bailles directs the flow F1 past the
structure of the baflle assembly 50 that 1s heated from the
pressurizer region 15. Directing of the flow F1 past the rela-
tively hot structure heats this fluid, and additionally mixes the
fluid with the Tsat region, effectively heating it previous to 1t
entering the pressurizer region 13.

[0040] FIG. 6 illustrates an example baille assembly 60
comprising a reactor vessel detlector shield 66. The reactor
vessel detlector shield 66 comprises a flow-optimized ellip-
soidal region or concave portion 66 A having a diameter D1 or
width that 1s larger than a distance Do between the mnward
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facing portions 635 of the reactor housing 20 or riser section
24. In one embodiment, the diameter D1 of the lower baiile
plate 66 1s approximately equal to the width or diameter of the
reactor vessel 52.

[0041] The pressurizer region 15 1s located at the upper end
of the reactor vessel 52. The baitle assembly 60 1s located
between the pressurizer region 15 and the riser section 24.
The batile assembly 60 comprises one or more baitles 72, 76
located between an upper batile plate 62 and the reactor vessel
deflector shield 66. The one or more battles 72, 76 impede a
flow of the sub-cooled coolant T,» into the pressurizer
region 15. The batlle assembly 60 may be understood to
operate similarly as a pressurizer surge line of a typical pres-
surized water reactor design. The baillle assembly 60 may
prevent an msurge of coolant from the reactor vessel 32 from
entering the pressurizer region 15 too suddenly or at too low
ol a temperature. In one embodiment, the baitle assembly 60
operates to control a rate of msurge of the coolant 1nto the
pressurizer region 135, and increases the temperature of the

isurge tlow by structure heat addition and mixing with hot
tfluads.

[0042] The bafile assembly 60 includes an upper portlon
which comprises the upper baitle plate 62. The upper baitle
plate 62 may include, or be attached to, one or more bailles
72. The batlle assembly 60 further includes a lower portion
which comprises the reactor vessel deflector shueld 66. The
reactor vessel detlector shield 66 may include, or be attached
to, one or more battles 76.

[0043] The baillle assembly 60 may comprise one or more
heaters 79. The one or more heaters 79 may be provided
intermediate the upper and lower batlle plates 62, 66. In one
embodiment, the one or more heaters 79 are provided within
the upper baifle plate 62 to warm the coolant. In another
embodiment the one or more heaters 79 are provided in the
liquid mterface Lo. Coolant that passes through the baiile
assembly 70 may become heated to at, or near, saturation
temperatures T . ,~while being transferred into the pressurizer
region 15. The batlle assembly 60 may be understood to both
1solate the pressurizer region 15 from the subcooled coolant
T, 5, as well as promote increased flow rate of the coolant
(1llustrated as tlow 26) 1n the reactor vessel 52.

[0044] In one embodiment, a width or diameter of the reac-
tor vessel deflector shield 66 1s less than a width or diameter
of the reactor vessel 52 forming a pathway or channel 68
about the perimeter of the reactor vessel deflector shield 66.
The channel 68 provides a path for the coolant flow (1llus-
trated as F1) to pass by or through the reactor vessel detlector
shield 66. Coolant continues to flow (1llustrated as Fo) around
the one or more batiles 72, 76 before exiting by or through the
upper baitle plate 62 as coolant flow F2. Coolant that passes
through the baflle assembly 60 may become heated to at, or
near, saturation temperatures 1., while being transterred
through the pathway or channel 68 and being heated by the
upper batlles 72. FIG. 7 illustrates a partlal view ol an
example power module assembly 75 comprising a baille
assembly 70 and coolant tflow augmentation mechanism com-
prised of inward facing portion 65. The baifle assembly 70
comprises an upper batile plate 62 and a lower battle plate 77
including one or more tlow-optimized ellipsoidal, domed,

hemispherical or concave surfaces 77A and a divider 77B.

The flow-optimized concave surface 77A of the lower batile
plate 77 directs the coolant 26 down around the riser section
24 of the housing 20 to the bottom of the reactor vessel 52.

The flow-optimized concave surface 77A of the lower batile
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plate 77 may be understood to operate the same or similar to
the flow-optimized ellipsoidal region or concave portion 66 A
of the reactor vessel deflector shield 66 of FIG. 6. Divider 77B
turther facilitates coolant 26 to flow in an outward direction
from the center of the battle plate 77. Divider 77B may be
shaped similar to a bullet tip. Batlle plate 77 minimizes pres-
sure loss of coolant flow based on an optimized position and
geometry above the exit of the riser section 24.

[0045] The batlle assembly 70 1s located between the pres-
surizer region 15 and the riser section 24. The baille assembly
70 comprises one or more battles 72, 78 located between the
upper batlle plate 62 and the lower battle plate 77. The one or
more bailles 72, 78 impede a flow of the sub-cooled coolant
T, 1nto the pressurizer region 15.

[0046] An upper portion of the baitle assembly 70 com-
prises the upper baltle plate 62. The upper batile plate 62 may
include, or be attached to, one or more batlles 72. A lower
portion of the batile assembly 70 comprises the lower baitle
plate 77. The lower ballle plate 77 may include, or be attached
to, one or more baitles 78. A pathway or channel may be
formed through one or all of the batiles 72, 78. The channel
provides a path for the coolant flow (1llustrated as F1) to pass
by or through the lower batile plate 77. Coolant continues to
flow (1llustrated as Fo) through the one or more battles 72, 78
betore exiting by or through the upper baitle plate 62 as
coolant flow F2.

[0047] The battle assembly 70 may comprise one or more
heaters 79. The one or more heaters 79 may be provided
intermediate the upper and lower batile plates 62, 77. In one
embodiment, the one or more heaters 79 are provided within
the upper baille plate 62 to warm the coolant entering the
pressurizer region during an isurge. In another embodiment
the one or more heaters 79 are provided 1n the temperature
variation layer proximate to the liquid mterface Lo. Coolant
that passes through the baitle assembly 70 may become
heated to at, or near, saturation temperatures T ATWhlle being
transierred into the pressurizer region 15. The batile assembly
70 may be understood to both 1solate the pressurizer region 15
from the subcooled coolant T, 5, as well promote increased
flow rate of the coolant (1llustrated as flow 26) 1n the reactor
vessel 52.

[0048] In one embodiment, the mmward facing portion 65
has a cross section which approximates an inverted teardrop.
The inward facing portion 63 has a cross section which gen-
erally increases in thickness towards an upper end of the riser
region 24. The upper end of the reactor housing 20, or riser
section 24, comprises a perimeter characterized by a rounded
rim of the mverted teardrop.

[0049] FIG. 8 1llustrates a plan view of an embodiment of
the coolant flow augmentation mechanism 635 comprising a
plurality of inward facing portions 83. The coolant flow aug-
mentation mechanism 63 1s 1llustrated as comprising four
inward facing portions 85 located about the perimeter of the
top of the riser 24, however 1t 1s understood that different
numbers and types of mmward facing portions 65 may be
provided for. Partial views of the riser 24 and inward facing
portion 65 1llustrated 1n FIGS. 4, §, and 7 may be understood
as comprising a cross sectional view C-C of the coolant flow
augmentation mechanism 85.

[0050] FIG. 9 1illustrates an elevated side view of an
embodiment of the coolant flow augmentation mechanism 65
comprising a continuous inward facing portion 95. The
inward facing portions 93 is 1llustrated as being located about
the perimeter of the top of the riser 24. Partial views of the
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riser 24 and inward facing portion 65 1llustrated 1n F1IGS. 4, 5,
and 7 may be understood as comprising a cross sectional view
D-D of the coolant flow augmentation mechanism 65.
[0051] FIG. 10 illustrates coolant flow 26 around a coolant
flow augmentation mechanism 63. A fluid pressure Po of the
coolant flow 26 exiting the riser 24 1s varied as tluid pressure
P1 when 1t passes around the coolant flow augmentation
mechanism 65. Coolant flow augmentation mechanism 65
increases an elfective path of the coolant flow 26, which
results 1n the varied fluid pressure P1, as the velocity of the
coolant tlow 26 varies. Varying the fluid pressure of the cool-
ant operates to reduce a flow resistance or turning loss of the
coolant flow 26 by preventing or mimimizing boundary layer
separation of the tlow 26 from the riser 24. This 1s accom-
plished by providing a smooth transition for the flow exiting
the riser section 24 and entering 1nto the annulus flowing back
towards the bottom of the reactor vessel 52.
[0052] FIG. 11 illustrates a novel method of cooling a reac-
tor core using a reactor vessel deflector shield. The method
may be understood to operate with, but not limited by, various
embodiments illustrated herein as FIGS. 1-10.
[0053] At operation 210, a primary coolant 1s circulated
through a reactor housing comprising an upper riser.
[0054] At operation 220, a fluid pressure of the coolant 1n
the reactor housing 1s varied by directing a coolant flow
around an inward facing portion of the upper riser.
[0055] At operation 230, a flow-optimized ellipsoidal,
domed, concave or hemispherical shaped detlector shield
forms a lower portion of a baille system that inhibits the flow
of coolant 1nto a pressurizer region. In one embodiment, the
flow-optimized ellipsoidal deflector shueld 1s located between
the upper riser and the pressurizer region, wherein the pres-
surizer region 1s located in an upper end of reactor vessel.
[0056] At operation 240, a flow of the coolant 1s directed
down the reactor vessel and around the reactor housing. A
flow-optimized ellipsoidal, domed, concave or hemispherical
shaped lower end of the reactor vessel promotes coolant tlow
through the reactor core, and the flow-optimized ellipsoidal
deflector shield located above the upper riser promotes cool-
ant flow around the reactor housing.
[0057] Although the embodiments provided herein have
primarily described a pressurized water reactor, it should be
apparent to one skilled 1n the art that the embodiments may be
applied to other types of nuclear power systems as described
or with some obvious modification. For example, the embodi-
ments or variations thereol may also be made operable with a
boiling water reactor.
[0058] The rate of flid tlow about the reactor housing, the
rate of mnsurge and outsurge flows within the baitle assem-
blies, and the variation in pressure of the fluid moving about
flow augmentation devices, as well as other rates and values
described herein are provided by way of example only. Other
rates and values may be determined through experimentation
such as by construction of full scale or scaled models of a
nuclear reactor fluid system.
[0059] Having described and illustrated the principles of
the invention 1n a preferred embodiment thereot, 1t should be
apparent that the invention may be modified in arrangement
and detail without departing from such principles. We claim
all modifications and variation coming within the spirit and
scope of the following claims.

1-21. (canceled)

22. A nuclear reactor module, comprising:

a reactor vessel;

a pressurizer located at an upper portion of the reactor

vessel:
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a reactor core located at a lower portion of the reactor
vessel;

a baflle assembly located between the reactor core and the
pressurizer; and

a reactor housing having an inward-facing portion and a
flow path through the reactor housing that fluidly
couples the reactor core to a lower portion of the baille
assembly, the inward-facing portion comprising a cur-
vature for reducing turning loss of a coolant flowing past
the inward-facing portion, the inward-facing portion of
the reactor housing comprising multiple wing-shaped
extensions located about a perimeter of an upper portion
of the reactor housing.

23. The nuclear reactor module of claim 22, wherein a
cross section of the inward-facing portion comprises an air-

fo1l.

24. The nuclear reactor module of claim 23, wherein the
inward-facing portion of the reactor housing 1s disposed
about a perimeter of an upper portion of the reactor housing.

25. (canceled)

26. The nuclear reactor module of claim 22, wherein the
baille assembly comprises a lower baille plate including an
cllipsoidal surface having a perimeter that is larger than the
inward-facing portion of the reactor housing.

27. The nuclear reactor module according to claim 26,
wherein the ellipsoidal surface of the lower battle plate directs
the coolant towards the lower portion of the reactor vessel.

28. The nuclear reactor module according to claim 22,
wherein the inward-facing portion of the reactor housing
includes a cross section that approximates an inverted tear-
drop.

29. The nuclear reactor module according to claim 22,
wherein the inward-facing portion of the reactor housing

includes a cross section that increases 1n thickness towards an
upper portion of the reactor housing.

30. The nuclear reactor module according to claim 29,
wherein the upper end of the reactor housing comprises a
perimeter that includes a rounded rim.

31. A batlle assembly for use 1n a nuclear reactor module,
comprising;
an upper baille plate exposed to a pressurized volume of
saturated coolant; and

a lower battle plate exposed to subcooled coolant, the sub-
cooled coolant 1n fluid communication between a loca-
tion proximate to a portion of the lower battle plate and
a location proximate with the upper batile plate, wherein
one or more of the upper batile plate and the lower battle
plate are heated by the saturated coolant.

32. The batile assembly of claim 31, wherein a flow path
created by a separation of the upper batlle plate and the lower
battle plate 1s of suificient length to prevent an isurge of
coolant from a volume proximate with the lower battle plate.

33. The baille assembly of claim 31, wherein the upper
batlle plate 1s heated by the pressurized volume of saturated
coolant.

34.The bailtle assembly of claim 31, wherein the peripheral
portion of the lower ballle plate curves 1n a direction towards
a lower portion of the nuclear reactor module.

35. The baille assembly of claim 31, wherein the lower
battle plate comprises a bullet-shaped tip at a central portion.

36. The baitle assembly of claim 35, wherein the lower
battle plate curves downward at a peripheral portion.
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37. Anupper portion of a nuclear reactor module, compris-
ng:

a pressurizer region; and

a baitle assembly below the pressurizer region, the baitle

assembly comprising:

an upper batlle plate proximate with the lower portion of
the pressurizer region; and

a lower battle plate below the upper battle plate, wherein
the lower batlle plate comprises a surface that curves
downward toward a peripheral region of the lower
battle plate.

38. The upper portion of the nuclear reactor module of
claim 37, further comprising an upper portion of a riser hav-
ing a curved inward-facing portion for reducing turning loss
of coolant circulating from a lower portion of the nuclear
reactor module.

39. The upper portion of the nuclear reactor module of
claim 38, wherein the curved inward-facing portion of the
riser extends continuously about a perimeter of the upper
portion of the riser.

40. The upper portion of the nuclear reactor module of
claim 37, further comprising a divider for directing coolant 1n
an outward direction from a center of the lower ballle plate.

41. The upper portion of the nuclear reactor module of
claim 37, wherein the lower battle plate 1s defined by a shape
selected from the group consisting of an ellipsoid, a dome, a
hemisphere, and a concave surface.

G e x Gx ex
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