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[57] ABSTRACT

The invention teaches safety apparatus that can be in-
cluded in a nuclear reactor, either when newly fabri-
cated or as a retrofit add-on, that will minimize prolifer-
ation of structural damage to the reactor in the event
the reactor is experiencing an overheating malfunction
whereby radioactive nuclear debris might break away
from and be discharged from the reactor core. The
invention provides a porous bed or sublayer on the
lower surface of the reactor containment vessel so that
the debris falls on and piles up on the bed. Vapor release
elements upstand from the bed in some laterally spaced
array. Thus should the high heat flux of the debris 1nte-
rtor vaporize the coolant at that location, the vaporized
coolant can be vented downwardly to and laterally
through the bed to the vapor release elements and 1n
turn via the release elements upwardly through the
debris. This minimizes the pressure buildup in the debris
and allows for continuing infiltration of the liquid cool-
ant 1nto the debris inierior.

9 Claims, 10 Drawing Figures

A statutory invention registration is not a patent. It has
the defensive attributes of a patent but does not have the
enforceable attributes of a patent. No article or advertise-
ment or the like may use the term patent, or any term
suggestive of a patent, when referring to a statutory in-
vention registration. For more specific information on the
rights associated with a statutory invention registration

see 35 U.S.C. 157.
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SAFETY APPARATUS FOR NUCLEAR REACTOR
TO PREVENT STRUCTURAL DAMAGE FROM
OVERHEATING BY CORE DEBRIS

CONTRACTURAL ORIGIN OF THE
INVENTION

The United States Government has rights in this
invention pursuant to Contract No. No. W-31-109-
ENG-38 between the U.S. Department of Energy and
the University of Chicago representing Argonne Na-
tional Laboratory.

This is a continuation of application Ser. No. 472,368
filed Mar. 4, 1983, now abandoned.

BACKGROUND OF THE INVENTION

A nuclear reactor generally has a vessel within which
a reactor core is positioned and primary coolant flows.
Commercial reactors commonly use water as the pri-
mary coolant, although reactors are operative where
liguid metal sodium is used as the primary coolant. The
reactor core itself has a large network of elongated
passageways and nuclear fuel in the form of elongated
fuel pins is located within certain of the respective pas-

sageways according to a specific cross sectional array.
Neutron absorbing elements are likewise formed as

elongated members and are positioned in certain of the
other passageways, again according to a specific cross
sectional array. The precisely defined matrix between
the various fuel pins and neutrons absorbers and the
controlled extent of lateral overlap or relative degree of
presence of each within the matrix determine the extent
and rate of the nuclear fission in the reactor core. Con-
trol rods extending into the reactor vessel are used to
move the fuel pins and/or the neutron absorbers axially
relative to one another to achieve the intended control
overlap.

The primary coolant is forced through the reactor
core passageways and directed then by appropriate
piping or line means to heat exchangers, wherein a
different or secondary coolant removes the heat from
the primary coolant. The primary coolant in turn 1s
circulated back to the reactor vessel for passage again
through the reactor core passageways. The secondary
coolant, generally pressurized water, is vaporized and
this high pressure steam is expanded through steam
driven turbines which power generator equipment that
produces useful electrical energy.

The fuel pins might commonly be formed of a ura-
nium oxide or plutonium oxide, cladded with a durable
material such as zirconium or stainless steel; and the
reactor core itself might be fabricated of stainless steel.
The reactor vessel immediately below the reactor core
typically has a gridwork therein for directing the pri-
mary coolant upwardly from an underlying plenum
space into and through the passageways of the reactor
core. Pumps of course normally would force the cool-
ant into the plenum.

In the event the reactor should malfunction and begin
to overheat, the possibility exists that the fuel pins or the
cladding on the fuel pins might fracture and/or melt
and interact with the coolant to form small particles of
nuclear debris which would drop or fall then through
the coolant to the underlying gridwork or reactor ves-
sel. The nuclear debris could reach significant heights,
as measured in terms of centimeters, and represent the
problem within which this invention 1s directed.
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The cause of overheating or malfunction could be
reduced circulation of the coolant, even though the
entire plenum may yet be, and very frequently will be,
filled with the liquid coolant. The nuclear debris will be
highly radioactive and thus will generate heat having a
high heat flux. The coolant directly overlying the debris
will cool at least the exterior particles of the debris, and
convective circulation within the plenum space will
normally be sufficient to keep the coolant at the debris
surface in the liquid phase. Inasmuch as the coolant
cannot rapidly get to all of the interior particles of the
debris because of the torturous or long flow paths the
coolant must take to reach these particles, the coolant
frequently can be vaporized only slightly below the
debris surface. The vaporized coolant normally moves
upwardly through the overlying particles in the pile,
and thus further hinders liquid coolant penetration into
the debris interior for cooling the particles thereat. This
depletion of coolant toward the interior of the debris
allows localized *““pile dryout”, where temperatures up
to possibly even 3000° C. can be generated. These dry-
out temperatures generally exceed the design limits of
the structural materials forming the reactor vessel and -
cavity, which thus could be structurally damaged. De-
struction of the reactor vessel and the containment

vessel, could lead to the escape of the coolant and the
nuclear debris from such confinement, which in turn

could allow the release of detrimental radioactivity to
the environment and its resultant threat to public safety.
Repairs of the reactor would, of course, also be most

costly.

SUMMARY OF THE INVENTION

This invention relates to a safety feature to be incor-
porated in a nuclear reactor so as to minimize the extent
of damage that might otherwise occur in the event of a
reactor overheating malfunction, such as the structural
failure of reactor components and the subsequent possi-
ble detrimental and unsafe release to the atmosphere of
radioactive emission or the like.

A basic object of this invention is to provide appara-
tus which can be incorporated directly into the reactor,
either during its initial construction or as a retrofit add-
on to an existing reactor cavity, that would provide
effective cooling of nuclear debris generated because of
the partial destruction of the nuclear fuel pins and/or
the reactor core itself as a result of an overheating mal-
function of the reactor. In such an accident scenario, the
debris would normally pile up in the reactor and gener-
ate heat sufficient to melt through or destroy the reactor
vessel and/or reactor containment structure and allow
thereby the escape of the coolant and debris from such
containment whereby radioactive emission could be
discharged also to the ambient atmosphere.

A specific object of this invention is to provide a
porous bed in the reactor vessel and/or in the contain-
ment vessel or cavity, generally underlying the reactor
core, such that any nuclear debris generated in and
discharged from the core will fall upon and pile up on
the bed. A plurality of elongated porous vapor release
elements upstand from the bed at laterally spaced loca-
tions, terminating at their lower ends within the beds
and at their upper ends sufficiently above the bed to
remain exposed even when debris may fall onto the bed.
The porous bed allows lateral transfer of coolant vapor
through it from one location to another, and the porous
vapor release elements allow vapor to pass there-
through axially along their length from within the bed
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to above the debris. In this manner, liquid coolant over-
lying the nuclear debris can readily circulate by gravity
into the interior of the debris, and any coolant vapor
generated because of the high heat flux of the debris can
escape downwardly to the bed and then laterally within

the bed and through to the adjacent upstanding vapor
release elements, so as to preclude localized pile dryouts

in the accumulated debris.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an elevational cross sectional view of a
reactor, illustrating the core and its containment struc-
ture, and showing a preferred embodiment of the sub-
ject invention incorporated therein;

FIG. 2 is an enlarged sectional view, as seen gener-
ally from line 2—2 in FIG. 1, illustrating one embodi-
ment of the vapor release elements, where for clarity of
disclosure, two of the three illustrated elements are in
slightly different sectional orientations and the third
element is in elevation;

FIG. 3 is the top plan view of the vapor release ele-
ments illustrated in FIG. 2;

FIGS. 4, 5, 6, 7 and 8 are elevational sectional views,
similar to FIG. 2, except showing different embodi-

ments of the particular invention;
FIG. 9 is a sectional view as seen from line 9—9 in

FI1G. 8; and

FIG. 10 is an elevational cross sectional view, similar
to FIG. 1, except showing a modified reactor design
and a different embodiment of the invention.

DETAILED DESCRIPTION OF THE
INVENTION

FIGS. 1 and 10 each schematically illustrates a nu-
clear reactor 10 (10a), the reactor having having a core
12 (12a) disposed within a closed vessel 14 (14a)—only
the bottom portion of each being shown, the core 12
(12a) having vertically extended passageways 16 (16a)
within which fuel elements and control elements (nei-
ther being shown) are positioned. A plenum space 18
(18q) is defined within the vessel 14 (142) underlying the
reactor core 12 (12a), and inlet pipes 20 (20q) allow for
conveying the primary coolant to the plenum space.
Pump means (not shown) circulate the primary coolant
upwardly from the plenum space 18 (18a) through the
core passageways 16 (16a) to a heat exchanger (not
shown) wherein the heat of the nuclear reaction in the
core 12 (12a)is given off to the secondary coolant. As
noted above, the secondary coolant is generally in the
form of steam that is expanded through turbine-like
expansion means to generate electrical power. Grid-
work structure 21 (21a) located in the plenum 18 (18a)
directs the coolant upwardly and into the defined core
passageways 16 (16a); while support structure 22 (22a)
suspends the core 12 (12q) from and within the reactor
vessel 14 (14a).

The reactor 10 illustrated in FIG. 1 is typical of a
water-cooled reactor (LWR), where the reactor vessel
14 is located within a reinforced containment or cavity
28, having walls 30 formed of concrete and a steel liner
32 surrounding the lower part of the reactor vessel 14.
The primary coolant could be in the form of water
confined under a high pressure (2000 pst). The reactor
10z illustrated in FIG. 10 might be a liquid metal cooled
reactor (LMFBR), where the reactor vessel 14a is gen-
erally confined in a larger guard vessel 34¢ which 1n
turn is located then in the reactor containment or cavity
structure 28¢ having the concrete walls 30z and steel
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4

liner 32a. The primary coolant would be in the form of
sodium confined at approximately one atmosphere of
pressure which at the intended operating temperatures
of between 250° and 550° C. is in the liquid phase. The
space 36a between the reactor and guard vessels (14a
and 34a) and/or space 37 (37a) between the reactor
vessel and containment structure 14 and 28 (34¢ and
28a) can be maintained under an inert gas atmosphere
that can be monitored to detect any change in this atmo-
sphere so as to detect or confirm if a malfunctioning
leak has occurred.

The reactor vessel 14 (14a) id designed of sufficient
strength to withstand both normal and malfunctioning
pressures and/or temperatures of the operating reactor,
but the wall 38 (38a), particularly on existing reactors,
underlying the core 12 (12a) may not be of such durabil-
ity to withstand the emergency malfunctioning scenario
to which this invention is directed. Even the contain-
ment structure 28 (28z), which has been fabricated,
even on existing reactors, as one of the last contain-
ments to keep the reactor fuel and coolant components
enclosed in order to preclude the release of radioactive
or otherwise harmful emission, could always be at-
tacked at the high temperatures of 3000° C. to release
gases such as carbon dioxide and steam and further
could also be disintegrated under this attack into 1its
formative components.

Reactor overheating might be caused by excess gen-
eration of heat because of runaway fission, or by a re-
duction in the effectiveness of cooling, because of de-
fective coolant pump means (not shown) or blockage of
the coolant flow paths, as possibly by a failed fuel pin
swelling within the core passageway 16. In the destruc-
tive overheating scenario, the generated nuclear debris
from the the fuel pins and/or core 12 (12a) drops
through the coolant and collects as a debris pile or layer
on an underlying horizontally disposed surface near or
at the bottom of the reactor vessel. In FIG. 1, one layer
is illustrated at 42 within the vessel 14 and a second
layer 44 is illustrated in the containment cavity 28;
while in FIG. 10, only layer 46a is illustrated in the
vessel 14a. Localized melting or destruction of the reac-
tor vessel wall 38 caused by the heat generating nuclear
debris would result in failure of the reactor vessel (as
shown by the opening 48 in the wall) and subsequent
dumping of the debris and coolant onto the containment
cavity floor. In FIG. 1 therefore, a serious accident has
already occurred to the extent that the reactor vessel 14
has failed and the coolant and nuclear debris has es-
caped to the containment cavity 28; while on the other
hand, the illustration of FIG. 10 shows the nuclear
debris yet confined within the reactor vessel 14q.

The nuclear debris could go through several cycles of
melting and quenching by the liquid coolant resulting in
the debris being in the form of particles ranging any-
where from 0.01 to 10 mm in size. The phenomena of
dryout can occur even when the pile of debris i1s com-
pletely covered by the coolant, if the heat generating
capacity at some interior location of the pile 1s greater
than the heat needed to vaporize the coolant that can
filter through the outer portions of the pile and reach
the pile interior. Thus, if the heat flux inside the pile i1s
sufficient to vaporize the local coolant, vapor then ris-
ing through and from the pile adds to the resistance of
the coolant filtering into the interior of the pile;
whereby the heat buildup is self generating and expand-
ing. Under such a runaway scenario, the pile tempera-
ture at some interior location could exceed 2500°-3000°
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C., well above the temperature the structural material
of the reactor can withstand before being destroyed or
melted.

The invention teaches the use of a plurality of sepa-
rate elongated vapor release elements 50 that are ar-
ranged as an array across the bottom of the reactor
cavity underlying the reactor vessel (FIG. 1) or across
the bottom of the reactor vessel underlying the reactor
core (FIG. 10). Each element would have a height

d

sufficient to exceed the height of any pile or layer of 10

debris that may accumulate in the area. The elements
are fabricated in a manner to be porous to allow vapor
to travel axially along the length of the element from
below the debris to the open space above the debris.
This allows the vapors to escape upwardly from the
interior of the debris pile or layer, which thereupon
allows the liguid coolant to enter the debris rapidly
from above and penetrate through the debris particles
to wet or cool the interior portions of the debris. This
maintains the debris pile within the relatively cool tem-
perature limits of the coolant in the liquid phase.

As illustrated, the elements are secured together by
tie rods 2, one set being located adjacent the upper end
of each element and possibly also a second set (not
shown) being located adjacent the lower end of each
element. As thus supported, the vapor release elements
are vertically oriented and horizontally spaced from
one another according to some selected matrix arrange-
ment, such as illustrated in FIG. 3 in the squared array,
and can be on perhaps center-to-center spacing of be-
tween 75 and 300 mm. The vapor release elements are
designed to be held in this arrangement both during
normal operation of the reactor and in the event of
reactor malfunction where core debris particles may fall

onto the vapor release elements.
In the preferred embodiments, a porous bed 56 (56a)

is initially laid on the floor of the containment cavity 28
(FIG. 1) or on bottom wall 30 of the reactor vessel 14a
(FIG. 10). The bed preferably is formed of a plurality of
solid or imperforate ball-like elements that are ran-
domly stacked on one another while leaving a void
fraction ranging from 0.25 to 0.75. The elements can be
spherical balls of either steel or ceramic material, for
example, ranging in size from 1 to 20 mm; and the over-
all depth of the bed could be in the range of 50 to 500
mm.

The vapor release elements, in one series of embodi-
ments, would be tubes of solid side wall construction
inserted to a depth of 10 and 50 mm in the porous bed.
The tube wall can also be made porous by slotting it or
by drilling holes through it at relatively close spacings.
The lower end of the vapor release element would be
open to allow vapors to breathe into the element from
under the bed.

In an alternate embodiment (FIGS. 8 and 9), each
vapor release element 501 might be formed of porous
material such as a sintered metal or a ceramic baked or
glazed to be self-supporting and structural. The entire
element could have a generally homogeneous cross
section from end to end, and have a porosity equivalent
to the inert packed particles with 0.25 to 0.75 void frac-
tion.

It is noted that the upper end of the holow solid wall
tubular vapor release element 50 is arranged to preclude
the possibility of any debris particles from entering into
the hollow interior of the tube via the open top end. In
one embodiment illustrated in FIGS. 2 and 3, an in-
verted cone 60 is supported by structural arms 62 as a
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roof spaced from but overlying the top of the tube
structure 502. Alternatively, the upper end 64 (FIG. 4)
of the tube may be oriented laterally or possibly even
downwardly by having an elbow 66 secured to the tube,
so as to make 1t difficult or unlikely that falling debris
will enter into the open tube end. Still further, the upper
open end 68 (FIG. 5) of the tube 505 may be closed by
end cap 70; the tube wall then having small openings 72
defined therein to give porosity to the tube end.

A further alternative embodiment provides that non-
structural loose particles 76 (FIG. 6), such as the same
loose ball or particle structure that forms the bed 56, be
located within the holiow of the structural tube 506,
stacked randomly on one another to leave muiltiple flow
paths therein for the passage of the vapor between the
particles. This would yet allow the vapor to escape up
the hoillow interior of the structural tube 506. Also,
holes or slots 78 (FIG. 7) can be formed in the wall
openings of the tube 507, of size smaller than the parti-
cle 76 to preclude them from falling out through the
openings; thus providing a porosity to the side wall of
the tube 507 itself. The particle 76 in the open top tubes
506, 507 would effectively preclude any of the debris
from entering into the interior of the tube.

The bottom ends of the upstanding porous elements
can rest directly on the horizontally disposed debris
collection surfaces (where the nuclear debris would
more than likely tend to accumulate) or be supported
spaced off of the surface by the particle bed disposed
within the reactor vessel.

As noted, the tube construction need not have porous
side walls but the tube can have impervious side walis
and the tube interior communicate with the open end of
the tube disposed below the bed. Thus, by locating the

end of the tube within the bed, vapors in the bed can
breathe through the tube interior and escape from the

bed through the overlying layer or pile of debris. Under
such circumstances, when debris collects on top of the
bed, the porous bed laterally conveys any generated
coolant vapors to the vapor release elements and the
elements in turn vent the vapors through the debris.
With this bed configuration, the degree of porosity
can be very closely regulated by the depth of the bed
and further by the size and shape of the balls or elements
forming the bed. Spherical balls are ideal vehicles for
forming the bed as they can be randomly stacked or
dumped on one another to the desired depth while yet
having many well-defined flow paths between the adja-
cent faces of the balls throughout the depth of the bed.
While the bed and vapor release elements are tllustrated
in one embodiment in the containment vessel and in the
other embodiment in the reactor vessel, they could be
provided in both vessels if desired. Thus, unless specifi-
cally identified differently, the term reactor confine-
ment in the claims is intended to cover either vessel.
By way of example, preliminary tests of a simulated
pile of nuclear debris indicate vastly improved cooling
rates that are 1.2-24 times greater than where no vapor
release elements were used. Table 1 summarized experi-
ments in which a mixture of stainless steel and nickel
particles, of screened sizes between 0.1 and 1.0 mm, was
used to simulate the heat generating nuclear debris, the
particles being internally heated by a 15-kW high fre-
quency induction furnace. Glass balls were used to
simulate the inert bed or sublayer, and various liqud
coolants were used. Heat flux of dryout rates, Q, were
determined by the condensation rate of the vapor in a
condenser, and temperatures were determined by ther-
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mocouples in the debris particles. Dryout heat fluxes
higher than in the order of 950 kW/m? were beyond the

capacity of the experimental apparatus and could not be
measured accurately. Comparison of the dryout heat
fluxes with the components of the invention against

those without demonstrate the substantial improvement
that the invention makes in maintaining the debris pile
or layer cool and in otherwise avoiding the generation
of localized pile dryouts.

These experiments also confirm that the vapor release
elements used in conjunction with the porous bed below
the heat generating debris allow coolant vapor gener-
ated in the debris to move downwardly into the bed and
then laterally through the bed to the vapor release ele-
ments and then upwardly through the vapor release
elements. This is an unexpected phenomenon, and re-
sults in higher allowable dryout fluxes and therefore
provides for greater margins for containment of heat
generating debris.

These improved cooling rates are substantial and
quite significant, particularly when comparing the cost
of implementing the invention against the possible dan-
gers of failure and the costs of repair, when the 1m-
proved cooling might not be available and the reactor

malfunctions.
TABLE 1
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tioning accompanied by discharge of debris from the
core, said apparatus comprising a bed of particles with
diameters essentially in the range of 1-20 mm, on a
lower surface in the containment vessel and located
beneath the reactor core, the bed being porous to allow
vapor to be passed laterally through it, and a plurality of
elongated, tubular elements, each having an interior
passageway, disposed with the lower ends thereof ter-
minating within the porous bed and the upper ends,
thereof terminating in the reactor confinement at an
elevation above the bed of particles but beneath the
reactor core whereby vapor can be vented from the
porous bed.

2. The nuclear reactor of claim 1 wherein the safety
apparatus includes a plurality of tie rods secured to the
elongated tubular elements adjacent their upper ends
operable for supporting the elements in a lateral array.

3. The nuclear reactor of claim 1 wherein the safety
apparatus includes means for precluding falling debris
from entering the elongated tubular elements while
allowing passage of coolant vapor.

4. The nuclear reactor of claim 3 wherein the pre-
cluding means includes means for covering each elon-
gated tubular element at the upper end thereof to pre-
clude debris from falling therein.

PS030 oS8 A oS e et et
EFFECT OF TUBES ON DEBRIS BED DRYOUT

Screened 0.1 mm to 1.0 mm Stainless Steel and Nickel Particles

Glass Ball Bed of Depth: 50 to 75 mm

Solid Wall Tubular Vapor Release Element: Glass
Porous Vapor Release Element: 9.5 mm OD Stainless Steel 170 mesh

Average

Vapor Glass Debris Measured Comparative Ratio
Release Ball Depth Qdryout Qdryout Quwirh tube
Element Dia.,, mm mm Coolant kW/m? kW/mm? Quwithour tube
e ————"mP————r o2} e e A et L R
None No Bed 150 water 148 148 o
Porous No Bed 150 water >914 148 6.2

. Mesh
Porous No Bed 200 water 967 — -
Mesh
None 3 150 water 102 102 —
Solid Wall 5 150 water 277 102 2.7
3 mm L.D.
None 3 100 water 2635 263 e
Solid Wall 3 100 water 013 265 3.4
9 mm LD,
None 3 100 water-ethylene glycol 223 223 —
Solid Wall 3 100 water-ethylene glycol  >956 223 4.3
5 mm L.D.
None 3 100 water-glycerine 40 40 e
Solid Wall 3 100 water-glycerine ~ 960 40 > 24
5 mm LD.
None 3 100 isopropyl alcohol 70 70 —
Solid Wall 3 100 isopropyl alcohol 143 70 2.0
9 mm L.D.
Porous No Bed 100 isopropyl alcohol 144 70 2.1
Mesh
None 3 150 1sopropyl alcohol 68 68 -
Solid Wall 3 150 isopropyl alcohol 83 68 1.2
9 mm L.D.
Porous No Bed 150 isopropyl alcohol 104 68 1.5
Mesh
Porous No Bed 200 isopropyl alcohol 116 116 —
Mesh

The embodiments of the invention in which an exclu- 60

sive property or privilege is claimed are defined as
follows:

1. A nuclear reactor comprising a core and a confine-
ment vessel surrounding the core, fuel means in the
core, liquid coolant for circulating over the fuel means
and through the core, and a apparatus within the con-
finement vessel for minimizing structural damage to the
reactor in the event of a reactor overheating malfunc-

65

5. The nuclear reactor of claim 4 wherein said cover-
ing means is in the form of an elbow secured to the
elongated tubular element over the upper end thereof
operable to define a sidewardly disposed opening from
the interior passageway of the tubular element.

6. The nuclear reactor of claim 4 wherein said cover-
ing means is in the form of a cap secured to the elon-
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gated tubular elements has a plurality of holes therein o5 define a void fraction of the order of between 0.25
near the cap that define sidewardly oriented openings 10.75
and 0.75.

from the interior passageway of the tubular element.
7. The nuclear reactor of claim 4 wherein said cover- 9. The nuclear reactor of claim 8 wherein said parti-

ing means is in the form of a plurality of a small particles 5 (jeq are of about the same size, shape and material as the
randomly stacked on one another within the interior
passageway of the elongated tubular element.

8. The nuclear reactor of claim 7 wherein said parti-

particles forming the bed in the confinement vessel.
* % % x %
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