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Inforration aasds for  Core Retention
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ahd Analvsis

 Ssction V of Offshore Power Sys.ems Topical Report Number
26455 does A creditable job in identifying areas of uncertainty
:an:e:ningArelt/core retention raterial interactions. "The
revievers uere able to identify some ¢dditional cencerns and
had conzents on items cited in these cocuments, -

Prior to discussing information neeled for design of a core

retantion davice, it is inportant to realize that inclusion of

such a davice in a power plaﬁt would have an impact on the entire

course of a hypothetical meltdown accident, For instance, & core
ajor conclusions of the review are as {ollous:

1) The Cocunents subnitted for review togelther do identily
mosec areas of uncertainty. The most izportant of these,
and the a23ditional areas of uncertainty identified Dby
the reviewvers, are felt to be:

a) crust formation ard upward beat flux from the melt,

b) exfoliation of brick lavers in the retention device,

¢) thermalhydraulics of the molten core naterials,

d) mechanism of melt attack on the refractory
material, and

e) influence of retention Sevice geonmetry on local

refractory erosion,
2) The design and desigrn analysis of
device submitted by Cffshore Power
unjustifiable reliance on the low temperature ex

enae of tre steel industry. Other

experisnce dces not appear to have
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during a light-water reactor core meltdcwn accident
) A ~NrAmAD ™o e &40 - 2 e
(1350 = 2500°C)., Tewzaratures Citac in the Offsncre
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retention davice would greatly reduce the rate of 2erosol gen=
aration by zas sparging of rmaterial froz the 2lt. Substantial

reductions of aerosol generation froz non-fuel sources would

¢

oceur. At the same time a variety of heat removal mechaniszms

available to the melt while in contact with concrete would not

Se available to a melt within the core retention device, aAercsol
sneration by vaporization of fission prioducts from this hotter

melt would increase, The net result .~uld be a decrezse in aeroc-
sol generation and a decrezse in the rate of aercsol sedinenta~
tion within containnent, The aerosols within containzent vwould

come primarily from fuel sources rather than nonffuel souices

a= in the case of wmelt/concrete interactions.

The reviewers did not attenpt o identify collateral impacts
on meltdown accidents caused by the inélusion of a core cretention
device., Such determinations can best be done in conjunction with
with accident modeling such as that being perforned at Battalle
Memorial Institute.
were directed, instead,vtoward idenﬁificat;on «i design inforna=
tion necessary to meet other goals of a core rrtantion davice,

nanrely retardation of ex-vessel melt movement and gas genaraticn,

A) General Comzents from the Feviawars

1) The heavy reliance-on st22l in

not warranted since the temperature ranges involved
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Power System repart surprised the reviewsrs sinde
they seemed guite low, During the first day of a

relt/concrete interaction melt temparad
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rapidly from about 2600°C to about <
next five days melt temperatures smoothly dacline

over the range from 2000°C to 1700°C.

Many of the heat removal mechanisms available during.
melt/concrete interactions--such 2as convective heat
;rans;ort-by gas generation and endotharmic decompo~
sition reactions of Eoncrete--a:e not available during
melt interactions with-core retention materials., The
melt temperatures ocught then bes at lezst 2s great dug~
ing melt/core retention material interac:ions as those

encountered during melt/concrete interactions.

“elt temperature becomes important because at l22ast

a portion of the refractory erosion exgacted during
melt/core retention material interaction is due to
chemical reaction, Since the rates of chamical raag~
tions are sensitive and non-linear functions of tsm-
perature, it is most hazardous to extrapolate encoura=

~are maltdcown
s 8 MT A Ndvhil

-

O

ging experience at low tamperaturss t

situations.

Heat generation in the melt and envizons was restricted

-l T ‘ CRS— GOl M A e S e @ A (e oy AW SN L a -
- SR T B e L e . - . - . e



of the core malt., Saukal et al.,* have shoun that

haat due to oxidation of zirconium and chromiun

o

in a core malt can be significant in conparison te
figssion product decay heat, Generation of this heat
might be slewer--and conseguently more grolongede=-

uring melt/core-retention-material interactions
than Juring melt/concrete interactions since gas
transport through the melt would bDe more limited.
However, the oxidizing environment of a light-water
reactor accident does assure that this chemical heat
source will be available,

ial experience was

-3

3) A significant source of indust
neglected in the Offshore Power System (CPS) reporte--
the glass-making industry. Though again the tempera-
ture regimes this industry empleoys are ruch lowver than
the core meltdown temperature regimes, the industry
has had to deal extensively with oxide melt/refractory
interactions.

4) The reviewers did not feel competent to addreoss

questions concerning mechanical damage to 2 retention
d

ity . gl . = ;
evice as a result of debris impacting the device,
- T 5 b | ] ” $ Z
Thne reviswers felt that industrial experience citad
$ ~ . b v -
in the OPS report was particularly pertinent and
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*w. 2aukal, J, Nixdorf, R. Skoutaian, and K. wWinter, "iInvestiga-
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§)

At some point nore definitive
accounts in the OPS report should be rmace avajlable.,
The reviewars felt that chemical interactions of

oxidic malts with refractory bricks vere not adeqguately

treated. Littls cdata are available on this pocint,
Cata that are known indicate.that assunptions of t
uniform attack and neglect of melt convection may De

seriously in error, The review2rs agreed with the

6?5 report that the nature of the chexical interac~
tions was a major area of uncertainty.

Little data are available concerning rmelt behavior
uﬁder conditions of interest. Crust formition cver

the surface of the melt or other phenomena that would

L

rpede upward heat flux from the melt vere neglected

in the OPS resort., The reviewsrs do not share the

0PS confidancs that more complete understanding of the

surface bahavior of the melt could only lead @9

a greater margin of safety for the tetention device,
My reduction in upward heat transfer rate from the
~alt translates into greater ercsion rates of &n

retention device.
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Arezs of Concern Not Considered

cunsidered ogual, it 2ppears tha: the sidewalls are
the wa2ak link in the design, La2teral penestrztion,
rather than vertical penetration, would be the
expected failure mode, Prediction of the failure
time must then include the effects of both chemical
and thermal 2rosion by the melt and the effects of

material strengths at elevatad temperatures.

Cata provided by OPS indjicate that the core retantion
device would fail laterally in no nore than 60 hours
even if only 50% of the decay hesat were to g© into

refractory erosion,

by OPS

-

1)

2)

—

R T

Reflooding of the melt by water was not considered

by OPS. OPS did cite unspecified em2rgency actions

should a nmeltdown accident occur., Ceoliberate reflood~
ing of the melt could be among these. Reflooding has

been indicateu by accident analyses (?. uybulskis,

w

=1

attelle Memorial Institute, Columbus, Chio)

hazardous undertaking. Reflooding, whether

a2
-

>

pears to be an

")

As a corollary to 1) C?3 did not

: \ % - [ - b
eration produced when melts contact a water-saturatad
- ~ e o e s N
tetention davice, Since the Mz0 Sri1lks wescricsc an
e - L i 4 - N 148 s -
the OFS report are about 17% porous, they coulc r&saln
- - 0 A 3 & - » o~ - 1 £ aa i =
as much a3 2030 ft° ol water. he only <design faatule
-
Cmqg;SO
JUL )
PSPl BT & » ¢ B4 mmemmiiie s o mans e e ¢ aneds & -% P S
FRRSIpS PRy e SR G R T T U TR RO TR Ll LROR TR D S R aakibe N ———— . —— P vy A



—— - A

S B ey g h

e

st

-

Sy —

- -

-

3)

4)

to assure that water does not L=cone entraliaed ia e
bricks is a 1/4% steel liner of uncertacn descriptio

Vaporization of antrained water couvld be a significa
cource of containment pressurization. The reviewers
are aware of only a single, scoping, transient exper
rént in which a high temperature melt was streamed

onto a water-saturated brick. (D. A. Fowers, Meeting
with Experts on the Technology of Sasrificial Mater:
for Delaying core pvelt-Through, August 29-30, 1978,

sathesda, MD) This transient test indicated only re

tively smooth vaperization of entrained water.

The CPS design of the retention device inclucdes tong:

and-groove bonding of trefractory bricks to preavent b

i=-

ials

la~-

rick

floatation. This design will function satisfactorily

only if an entire course of bricks remains irtact.
Should localized attack peretrate a few bricks, the

re course might exfoliate and float to the top
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£ the pool. This uncertainty ad
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to the uncertainty of localized rather than unifeorm
attack on the refractory.
Creep of stressed refractory at high tempsratures

-
2

was not ag in the OPS study though they pro=
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vided data for refractory creep at low
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3)

of tzmperature and sensitive o conposition. The core
melt places surface bricks in the retention devie
under loads of about 4 psi.

walls 2bcve the retention device are unler loa2éds o
about 18 psi. At 2000°C these loads are sufficient
to produce significant deformation of refractory struce

gtate

ures. Should the bricks be contaminated DY solid

diffusion of melt materials into the bricks, even greater
creep rates may develop.®

The OPS report neglects thermal-hydraulics of the me)

The analysis of Mg0 erosiecn is conducted by 2 thermay
ablation model assuming uniform attack on the refractory.
whe reviewers could find no basis for this assumption.
Quite the contrary, available cata and industrial
experience suggest that localized attack is a major

mode of refractory erosion., Some photographs of

refractories exposed to glass melts are shown in

Figure 1.

The most important variables in determining the rate

of localized attack appear to be

pecsition, temperature, and fluid

- ) = & - ) it
snother uncertainty related to melt hydraulics i3
; % N 1 b N ! - & [
whether small perturbations in the relracicry
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e

surface grow preferentially or are healed during
further attack, Industrial experience sugzests that
both results are possible.

volumetric expansion of the molten pool is not econe-
sidered by OPS. Crude calculations by the revievers
indicate that the expansion is not likely to be sig-

nificant if no additional material falls from the

reactor pressure vessel or the bulkhead walls into

the molten pool, The effective volume change associ~

ated with heating a 17% porous brick from 25°C to
melting' and assuming a volume change on melting of
+5% (exact value is not known) is only +0.68, BSowe~
sver, if steel from the lower head of the pressure
vessel is added to the melt, the melt volume would
increase by at least 248, Oxidation of metal phases
in the pool or collapse of bulkhead walls would fur-
ther expand the pool to the point that little safety

margin would exist in the core retention device,

e of Concern OPS Treated as Adecuately Understood

4

The model for M¥gO ercsion used by CPS was a simple

e

thermal energy balance using the classical steady

state ablation formulation., FSHeat flux applied to

~ - 2 | e/~ + -

of the melt. The model neglacted any chemical
- - - - % P L o 2

compocnznt attack on the refractory. The model

95008354
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conseguently 2ssumed that the reflractory mast

heated to a critical melt temperature belor

eroded. The reviewers could not ascertain the

rm

1 o

“w

for the OPS confidence that this sinplified nod
refractory erosion was verified,

2) The tongue-and-groove construction vsed for &sfome
bling the core retention matarials does appear ale-
quate to prevent brick floatation provided:

-= all bricks remain in place and exfoliation of
the brick layers cannot occur (see I-B-3 above).

-= the tongues do not shear due to thermal or mech=
anical shock.

3) Thermal shock of refractory bricks is most definitely
an area of uncertainty. Al. tests to date invelving
prototypic melts deposited on MgO bricks have besn of
a transient nature. In every case the bricks suffered
catastrophic fracture after the nelt solidified,
Because of the transient nature of the tests, it is
not known whether thé fracturing was due to surface
cooling of the bricks or delayed heating of the brick
interior.

4) Uzward heat flux from the melt is an area of uncer-

9510855
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upward heat flux results in more heat be

v
P

for adblation of the core retention material,

) Ngzl-basaltic concrete interactions were not sédressed
in the OPS report., These interactions may occur at
the bulkhead wall coated with 4* Mg0 bricks. Once
basaltic =soncrete under this coating resches 1160°C
it will begin to melt and the Hg0 coating will lose
its structural integrity. (See also Section I-3-4.)
Molten basaltic concrete will be free to flcw into
the core melt poolland to attack the core retention

material.

D) Areas of Uncertainty Considered by OPS

The reviewers agreed with the listings of uncertainties
presanted in the OPS report, These areas need not be discussed
further here. The reviewers felt, however, that there might
be some misunderstanding of coxide chemical attack Ly liguid
oxides--sometimes termed ®*slag-line® attack or *flux~line® attack.
Chemical attack is mass transport dominated erosion of the
refractory--as opposed to the.heat transport dominated erosion
considereu in the OPS report., Dissolution as oppcsed to ablatien
of the refractory occurs because of favorable free-energy
relationships among constituents of th melt/cefractory system,

T.e rate of dissolution is given Dy exoressicns of the forz:
- s
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rate = ko (C,T) exp (=E(€)/RT) (£=C5(T))

where T = temperature
C = fluid phase composition
Cg = saturation composition of the fluid
%_ and E = kinetic parameters dependent on temperature
and fluid cvompesitien

R « universal gas constant

Chemical attack is important because it can occur at low tempara<
tures faven in the solid state) and it can be responsible for
non-uniform attack,

The rate of attack is very sensitive to temperature, Because
of the non-linear nature of the rate expression, it is difficult
to -xtrapolats data from low temperature experiments to predict
high temperature wehavior. Further, the above rate expression
refers only to the net dissolution of refractory. trosion &f
solid refractoly can occur even when the net rate is zero, pro=
vided precipitation of reftacgory-containing species from the
£luid phase occurs., When these precipitated species are of low
dansity--like MgQ--and can be swept out of the system--say by

flcating to the top of an immiscible phase overlying the 2 tack=

ing fluid-~this zero net rate dissolution is quite likely.
tron cxides freguently arise in discussions of refractory

attack since they form low melting species with most refractory
oxidegs, EBcwever, chemics) attack on refractories is not restricte
to iron oxides.
OCN ?
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Tron cxides are ospec.ally important {n discussions of light

LA

ed

o

vater reactor accidents since these 2

ants invelve high teme

perature molten steel in very oxidizing environzents, Rates of

steel oxidation in these conditions can ba quite kigh unless the

steel is covered b, a reasonably thick, viscous slag layer.,

action I-3-2.)
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tographs of refractories subj
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ubsected to chemical attagk shovn

illustrate the non-uniform nature of cherical atteck,

Certainly one of the uncertainties that zust be a3dressed in core

retenticn device design is whether vertical or horizontal surfaces

ate more grievously affected by chemical attack,
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