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ABSTRACT

In the unlikely event of the meltdown of a nuclear reactor core, the
primary concern is to keep the radioactive fission products within some
containment skin. This implies that molten core debris must be prevented
from melting its way out of the contaimment, if necessary by specifically
designed containment barriers. Fundamental knowledge of heat transfer and
fluid mechanics of internally heated systems is required and this paper
reviews published material on the broad background areas of information

which are needed in assessing such devices.

Paper presented at the meeting on "Thermohydraulic Problems related to

Reactor Safety'", Euratom Joint Research Centre, Ispra, September 1977.

October 1977







1. INTRODUCTION

In the unlikely event of the meltdown of a nuclear reactor core, the
primary concern is to keep the radioactive fission products within some
contaimment skin. Contaimment might be breached either by high pressures
or high temperatures. We shall be concerned here with methods
of preventing molten core debris from melting its way out of the
contaimment. Devices to achieve this are called 'core catchers' and may be

within the primary vessel, or ex-vessel,

In section 2 we shall consider briefly possible ways in which a meltdown
could develop. As will be clear when we examine in section 8 possible forms
of catcher device, fundamental knowledge of heat transfer and fluid
mechanics of internally heated systems is required in assessing all such

devices. The aim of this paper is to review the broad background areas

of information which are needed.

Post Accident Heat Removal (PAHR) studies are still developing-
Reference is given in the reference list to recent conferences where

significant papers on core debris control have been presented. [1-5].

ITI. ACCIDENT SEQUENCE AFTER CORE MELTDOWN

Once at least part of the core is molten, its location is no longer fixed
in space and its subsequent behaviour may be rather complicated. The aim
must be to ensure that the core debris reaches a site where it can be cooled
and hence resolidified without the release of radioactive fission products to
the enviromment. The core debris may be in several different forms.
In a gas cooled fast reactor, after melting, the core support structure will slump (in
the absence of adequate cooling) and a mixture of fuel, fuel cans, and support
structure can form in the bottom of the vessel as an amorphous heap. In time
the decay heat is likely to transform this into a molten pool. In a sodium cooled
fast reactor however UO2 may fragment on contact with liquid sodium resulting
in the core debris being in the form of particles in the 100 micron range.

Fig. 2.1,[ 26], gives a flow chart of events for PAHR analysis.

From this, one can see that knowledge of the magnitude of decay heat to be
removed, and of the behaviour of particulate beds, molten pools and advancing
melting fronts is of basic importance. Additional complications arise because
of the possibility of recriticality, and the presence of concrete. A detailed
analysis of accident sequences is only possible for a particular reactor design,

and is inappropriate here.



HCDA

|
Loading and deformat.
of vessel internals

Is

in situ cooling | safe
possible ?
yes Partial or total blockage of
upper and lower core region
- |
j Boiling of UO, steel mixtu%
Settlement of particulates in: T
primary circuit
tth
core internal structures ';'fr{uc{lj’r‘ggh of core support

core retention devices
vessel bottom

yes

Does
fuel interact
with coolant and

fragment ?

l

Cooling of particulates

yes

safe Formation of amolten pool

safe

yes

Is
teady state
cooling
ssible ?

Cooling ofa molten pool

Meltthrough of core retention
devices ard consequent
meltthrough of vessel bottom

l

Retention of core melt in controll.
and safe conditions

-as particulate bed
-as molten pool

see above
see above
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III. FISSION PRODUCT DECAY HEAT

After a nuclear reactor has been shut down, having been on power, it
continues to generate heat., This heat arises from the continued presence
of neutrons that cause further fissions and from the emission of beta
particles and gamma rays by the radiocactive decay of the various fission
products. The first mechanism is much less important than the second and

is usually evident only in the first few moments after shutdown.

The energy released in fission—product decay heat depends upon the
beta- and gamma-ray energies of the decay steps in all the decay chains,
together with their half-lives and relative abundance in the core. The
power generation P due to beta and gamma rays can be expressed as a

fraction of the reactor power before shutdown P0 in the following form
P/PO = f(t) - £(¢ + To)

where t is the time since shutdown and TO is the period of reactor operation

prior to shutdown. Way and Wigner made the first definitive estimate of

the decay heat function: it is fWW = 6,22 x ]0_2 t—0.2. This gives

results good to v a factor of two for 10 sec < t < 100 days. The

American standard decay heat function for light water reactors is based on

the work of Shure, it has the form fANS = At 2 where the constants A and a

are assigned different values in different intervals as in table 3,1 below.
A realistic upper limit to the decay heat is required for decay studies.

No data set for fast reactors is as well established as the ANS standard for

thermal reactors; a conservative approach is to use the ANS standard for

the fission product contribution for a fast reactor, and then to make

allowances for the other contributions e.g. the decay heat from the

actinides by a safety factor of up to 50%Z. Figure 3.1 shows the ANS

. - . 8
curve for irradiation time of 10  secs, and a decay heat curve for a fast

reactor based on the Way-Wigner formula.

Applicable Time i a
Interval (sec)
1071 < ¢ < 10 12.05 0.0639
10! < € < 1.5 x 102 15.31 | 0.1807
1.5 x 102 < € < 4 x 10° 26.02 | 0.2834
4x10% < t<2x 100 53.18 | 0.3350

Table 3.1 Constants for ANS decay curve [8]
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0f the fission products which are not volatile below 3000°C, some have

stable oxides which remain in the mixed oxide fuel and some such as

molybdenum and ruthenium migrate into the molten iron debris to form a

metallic alloy.

[Fischer et al (1973)].

The presence of two distinct phases,

oxide and alloy, each containing some heat generating fission products, may

complicate the modelling.
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IV. MOLTEN POOLS

——— ANS standard

for irradiation time of 108 sec.

- —- -~ Way-Wigner formula for

PFR conditions.

Core debris may form into molten pools after the dry out of particulate beds,

or from the overheating of solid lumps.

In section IV.l we consider shallow pools

T,
¥
L Convective
Molten Layer Eddy
H(watts/m?)
f £ ¥
Ty=AT+T, < d' >

Fig. 4.1 Internally heated convecting molten

layer with applied temperature gradient
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of infinite horizontal extents — horizontal layers; in section IV.2 finite

aspect ratio pools are considered; in section IV.3 boiling is discussed.

IV.] Molten Layers

Consider a molten layer as shown in fig. 4.1 which is of depth L with a
uniform volumetric heat source H (Watts/ms). Let the upper surface be at a
temperature T]
measured upwards from the bottom surface. Then, in the absence of convection,

and the lower surface at To. Let z be the vertical co-ordinate

the temperature satisfies the thermal conduction equation

which has as 1ts solution

= = 2y - e =
T, - T= (I, )@ @ Q-7

where TH = HL2/2k. 1f Ty = 0 then only an applied temperature difference (To - Tl)
remains, which if positive, and sufficiently large results in Benard convection
(see §IV.1.1). If T0 = T], only internal heating is present — the classical
Kulacki-Goldstein configuration. The ratio S = (T0 - T])/TH is an important
parameter in what follows; it is a measure of strength of external to internal
energy sources, and is in fact the ratio of Rayleigh numbers Ra/RaH (defined in

the following sections). The criteria for the onset of convection of such a

system have been established by Sparrow, Goldstein and Jonsson (1964). Other detailed
discussions are by Kulacki (1971), Joseph (1976) and Gershuni and Zhukhovitsky (1976).

In the following sections, the Benard problem is discussed first, as it 1s the
most familiar, then the intermally heated layer with adiabatic bottom, then the
internally heated layer with equal and finally unequal temperatures. As will
emerge this forms a logical progression through the results of heat transfer in

molten layers.

IV.1.1 Benard Convectiom Here a temperature difference AT = To = T] is imposed

across the layer. From simple arguments that lighter fluids will rise in an
envirorment of heavier material, one would expect convection to occur whenever

AT > 0. In practice the fluid has a kinematic viscosity v which impedes movement
of a blob, and a thermometric conductivity k which reduces the temperature
difference between the blob and its surrounding. Hence persistent convection does
not set in until AT exceeds a critical ATc' A non-dimensional form of the

temperature difference, called the Rayleigh number Ra, is defined by
_ 3
Ra = agATL™ /vk

_5_



Convection occurs when Ra > Racrit where Rcrit is &~ 1708 when the surfaces are
rigid plates, v 1100 when the upper surface is free and the lower rigid, and
v 657 (exactly Z% ﬂ4) when both surfaces are free. Although this last case

is normally only achievable in stellar atmospheres, it has been used as the
basis for many analytical and mumerical studies because it is mathematically
tractable. In plan form steady laminar convection may occur in the form of
rolls, squares or hexagons, but in all cases the horizontal length scale d'

is such that (d'/L) is of order unity. TFor convection to begin the depth

of a layer is quite small as table 4.1 indicates.

layer depth water air steel
1 cm 4.29 9.03 40.9
10 cm . 004 .009 040

Table 4,1 AT .
cr

o for the onset of convection between rigid plates

For 1 < R* b 100 (where R* = Ra/Racrig convection is laminar and has
a marked cellular structure. The regions of down flow or up flow become
increasingly narrow and a core region develops in which the temperature is
roughly constant at T0 + IAT. The flow pattern can be considered as composed
of two boundary layers within which the heat transfer process is concentrated.
The vertical transfer in the plume part is essentially by convection. Within
the horizontal boundary layers heat is transferred by conduction to and from

the moving streams of fluid.

When the velocity in the boundary layers becomes high enough, the steady
flow patterns breakdown in a series of transitions and the flow becomes
turbulent. At high Rayleigh numbers the layer comsists of two thin boundary
layers, one on each horizontal plate, separated by a turbulent region which
is essentially isothermal. Within the boundary layers the heat transfer to
the plates is by cenduction. Within the turbulent region heat transfer is
turbulent, but it is difficult to characterize this by a simple turbulent
eddy heat transfer coefficient since the mean temperature gradient is

essentially zero.

The Nusselt number Nu is defined as

= VL
Nu = 177

where k is the thermal conductivity and ¢ is the thermal flux carried from one

plate to another. It can be thought of as a non-dimensional effective thermal

_.6_



k.

ivity: =k .
conductivity Nu wEfechive

When the boundary layers are very thin it seems plausible that the heat
transfer rate is independent of the thickness of the turbulent region
separating them. If one assumes that Nu « Ra" for some exponent n, then
Nu « Ra]/3 and V¥ G(AT)4/3. In fact even for quite deep layers the overall

layer depth still has some small effect for many experiments in air and water

: " 1
are quite unanimous that n <-§ .

Typical experimental results are given in the table below for the
constants a,b in the correlation Nu* = a(Ra)b where Nu#* = Nu/Nucond and

N is the value of the Nusselt number in the absence of convection.

u
cond
For Benard convection Nu = 1.
cond

Table 4.2. Benard Convection Experiments

Author Fluid a b range

Fitzjarrald air 0.130 0.30 4 x ]04 < Ra<7x ]O9

Garon & Goldstein water 0.130 0.293 1.3 % ]07 < Ra < 3.3 x 10
Chu & Goldstein water 0.183 0.278 2.76 x 10% < Ra < 1,05 x 10

9
8

Dearsdorff (1970) has shown that a key quantity in turbulent thermal
convection is the dimensionless group A = Pr.Ra.Nu = angal(sz) where Pr
is the Prandtl number. The viscosity dependence in this modified Rayleigh
number is eliminated as ome would expect once tu;bulence is well established.
1/3

§ i v K €z
The characteristic comnvective velocity w* = — AA and a characteristic

temperature fluctuation is T* = AT Nu A—]/B so that { = pcw*T* (where p and

¢ are the density and specific heat of the fluid).

IV.1.2 Internally Heated Convection: Adiabatic Bottom

Next we consider a horizontal layer heating internally by a uniform
volumetric heat source, and with an adiabatic lower surface. Such a situation
could be approximated by for example, molten steel containing metallic heat-
producing fission products lying over a thick layer of solid depleted UOZ'

All of the heat generated in the layer is transported to the top surface
which is maintained at some cool temperature. At sufficiently high heat
generation rates turbulent convection will occur, and the bulk of the fluid
will have a constant mean temperature, with a thin boundary layer above it
adjacent to the isothermal top boundary. It is found experimentally that

Nu#* = a](RaH)b] where RaH is the internal heat generation rate based on

..7_



3 . ; .
Rayleigh number ogHL/(2kkv) where H is the uniform rate of heat generation
(in watts/cc). The table gives typical experimental results. For this

configuration Nucond = 2. [warning: it is important when comparing papers

on thermal convection to pay attention to the precise definitions used for

Nu, Ra etc.]. The quantity HL2]2k = T, is the temperature difference

H
across the layer in the absence of comvection.

Table 4.3 Internally heated convection experiments in adiabatic bottom

authors fluid a, b] range
Fiedler & Wille water 0.262 0.228 2 x ]05 < RaH < 6 x 108
Ralph & Roberts water 0.192  0.244 5 x 107 < Ra, < 4 x 1010
Kulacki & Nagle water 0.1525 0.239 1.5 x 105 < RaH < 2.6 x 109
Kulacki & Emara water 0.2015 0.226 1.1 x ]O4 < RaH < 2.1 x 1012

It is possible to derive the (Nu*-RaH) relationship above from the
(Nu*-Ra) relationship for turbulent Benard comvection. In both cases the
bulk of the fluid is essentially at a constant temperature. In Benard
convection, the thermal flux through the cell is independent of the vertical
co—ordinate z, whereas in internally heated convection, the flux increases
linearly. However one can argue that in the upper boundary layer, of thickness

n L/2Nu*, the relationship between overall flux and the overall temperature
1+b

difference should be identical. For Benard comvection Y «(AT) ; for
internally heated convection w(]—bl)aﬂT. Hence b1 = b/(1+b). Similarly, when the
correct temperature difference is used, a]]+b = a. If we use the Garon—-Goldstein

correlation, since it is restricted to the higher ranges of Ra, then b =.0.293,
a = 0.130, from which one can derive b] = 0.227 a, = 0.190. The agreement between

this prediction and the experimental results of Kulacki and Emara is striking.

Fig. 4.2
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IV.1.3 Internally Heated Convection: Equal Isothermal Surfaces. In a

horizontal layer heated uniformly by a volumetric heat source, and with

top and bottom surfaces maintained at constant and equal temperatures TO = Tl’
the temperature profile in the absence of convection is a symmetric parabola.
As the heating rate is increased the temperature profile flattens even though
the mean temperature increases. Boundary layers develop on the top and bottom
plates; hecause buoyancy carries heat upwards, the upper boundary layer is
much thinner than the lower one and a larger fraction of the heat generated is
expelled through the upper surface than the lower one [see fig. 4.2]. The
fluxes w] and ¢D through the upper and lower surfaces can be expressed in terms
of Nusselt numbers Nu] and Nu0 to which there corresponds Nu]* and Nuo*, as
above. For this configuration Nucond = 4, Experimental results are given in
the table 4.4 for the constants

,b3,a4,b4 in

%3
% =
. Nu] aB(RaH)b3

_ b
iz % o= a4(RaH) 4

Table 4.4 Internally heated convection experiments: T = T1
authors fluid ag bsg a, by range of Ray
Kulacki & Goldstein water | 0.097 0.236 0.381 0.094 | 2 x 104 - 1.2 x 107
Jahn & Reineke water | 0.101 0.233 | 0.371 0.095 | 5 x 105 - 5x 108
‘Ralph et al vater | 0.062 0.238 | 0.072 0.175 | 2.108 -5 x 10"}

A convenient way of considering the heat transfer from a layer heated volumetrically
is to divide it into 2 sublayers, the ratio of whose depths are proportional
to the respective fluxes (Peckover 1972). When this is done, the lower layer
is essentially a conduction layer in which all the heat generated in it is
conducted downwards. The experimental profiles are consistent with this,
and the Nusselt number based on this layer depth remains close to 2 - the
conduction value. The upper layer is comvection controlled. Baker, Faw and
Kulacki (1976) have calculated the sublayer Nusselt numbers from the Kulacki-
Goldstein data (see fig. 4.3). When the Rayleigh number RaH is modified to
be that for the upper sublayer Raﬁ = (L]/L)5RaH, there is satisfactory
agreement between the correlation Nu; - Ra; and that for internally heated
convection with an adiabatic bottom. (see fig. 4.4). The plane separating
the two sublayers thus has, to a first approximation, zero net heat transfer;
the fact that the hydrodynamic boundary condition differs from the rigid one

of section IV.1.2 is apparently unimportant.
_9_
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IV.1.4 Internal Heat Convection: Unequal Isothermal Surfaces. If the

upper and lower surfaces are maintained at different temperatures while

internal heating is also present, then both the ordinary Rayleigh number Ra

and that based on internal heating RaH are needed to characterize the

convection. If the upper surface is at a higher temperature than the lower,

then Ra is negative. Baker et al (1977) have extended the two sublayer

concept to predict n, the fraction of heat conducted downwards as a

function of Ra and RaH. Using the Kulacki-Goldstein correlation, (section IV.1.3)
coupled with the Kulacki-Emara correlation (section IV.1.2) they obtain the
following equation for n

Qa - n_)o'870 = %(n2 + §) (RELH)O'226 (4.1)

where S = Ra/RaHn Suo-Antilla and Catton have carried out experiments in this
geometry and fig. 4.5 shows a stylized representation of the resulting behaviour.
_10_



Fig. 4.5 [55]
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conducted upwards
(iii) if - Ra > RaH, all heat is conducted downwards, and there is no convection

(iv) 4if [Ral << Rag.n then applied temperature differences can be ignored,
and the heat fractions are given by N, and 1 - N, respectively.

_ 1. 0,142, . il
L= 1/(1 + Z-RaH ) is the value of n when Ra = 0.

(v) otherwise equation (4.1) must be used in full,

These equations together constitute, as Baker et al (1976) point out, a
complete description for the general case of the non-boiling horizontal fluid
layer with uniform internal heat sources, provided the top and bottom surface
temperatures are prescribed. For multiple layers, and for convective or

radiative boundary conditions, the results are not sufficient to codify in

this way.
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IV.2 Pools with sidewalls

In 8IV.1, convection and heat transfer for molten layers of infinite
horizontal extent were considered. For a shallow pool of broad extent these
correlations will still hold good in the main region — indeed experimentally,
sidewalls are unavoidable. However when the aspect ratio is of order unity,

heat transfer to the sidewalls becomes a significant part of the inventory.

The lower boundary of a molten pool melting into a sacrificial material
takes the form of a trough in 2D or a bowl in 3D. (see §VI). Experiments
have been carried out by Jahn and Reineke for internally heated convection in
semicircles and hemispheres. In the semicircle the fluid is fairly stagnant
at the bottom and the isotherms are roughly horizontal as in a horizontal
layer (see fig. 4.7). The heat transfer increases with angle from the
vertical until at T/2 the local Nusselt number is effectively the same as
for the horizontal top surface (see fig. 4.8). Essentially the convective
flow to the top surface returns down the sidewalls losing heat as it falls.
In a hemisphere similar effects are observed, but the radial convergence
towards bottom results in the quiescent region being rather small. This
results in the ratio of maximum to minimum local Nusselt number being rather

smaller for the hemisphere for comparable Rayleigh numbers (fig. 4.9).

These results suggest that for the heat transfer to the side walls they
may be considered as cooled plates. For a rectangular geometry this would be
a cooled vertical plate in which case the lateral Nusselt number Nud is given

1 1
by Nus = 0.677 (Pr/{Pr + 20/21}H°* RalzG where RaKG = RaH/32. Experiments by

Gabor et al (1975) are in agreement with this formulation.

Fig. 4.7 Semicircular Cross-section. Isotherms and Streamlines
Ra = 3.§x 107 Pr = 7 [50]

_12_
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IV.3 Boiling

In a molten layer heated internally, the effect of comvection is to flatten
the temperature profile. Nevertheless if the heat source density is increased,
the maximum temperature also increases though at a slower rate. For equal
isothermal surfaces

Nuo + Nu]
(Imax i To) G__—7T—__0 § TH
At a sufficiently high power density HB the liquid reaches its boiling point.
HB depends on the layer thickness. Fig. 4.10 shows the onset of boiling in
UO2 for the given property values, based on the Kulacki-Goldstein correlations,
as calculated by Suo-Anttila et al (1974).

Once boiling occurs the maximum temperature is restricted to be within a few
degrees of boiling. Fig. 4.11 [54] shows behaviour in a boiling layer. There is
still a quiescent sublayer at the bottom of the layer, and one might expect
meﬁmmﬁfhxmhwememMMﬁmvﬂm:%=2%ﬁgﬁzfﬁ; In
experiments Stein et al (1974) find values up to six times this value. It
seems that the boiling process in the main part of the layer induces
oscillatory motions in the bottom sublayer which enhances the downward heat

transfer.

__]3_
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For boiling in a container with finite height-to-width ratio, the rising
bubbles at high void fractions drive the neutral circulation at enhanced
rates. The heat transfer to a sidewall is then a combination of forced and
natural convection for a cooled vertical plate. (Chen et al [1976]). Using their
model, these authors predict that the solid U0, crusts on the sides and top of a
boiling UO2 pool will be very thin (< 1 mm) and may not be able to withstand the

mechanical stresses from turbulent fluctuations [29].

BUBBLE GROWTH REGION

FLUID

STAGNANT BOUNDARY LAYER

I/////////////////qf/
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%

Fig. 4.11 Structure of boiling molten layer [54]




V. PARTICULATE BEDS

After a partial core melt down, a significant fraction of the material
involved may be expelled from the core in the form of fine fragments of
spectrum of size centred about 100 micron in diameter. Such material will rain
down through the sodium and form a bed of particles. This particulate bed will
be heat producing because of the decay heat from the fission products. If the
rate of heat production is sufficient, the bed may dryout of liquid sodium and
may melt down to produce layers of molten core debris. This leads to the
following questions. The bed may be considered as a porous medium overlaid by
a free liquid layer; if the downward heat transfer from the porous bed to its
horizontal support is ignored, under what circumstances will the sodium
permeating the bed (i) comvect ? (ii) boil ? (iii) dryout ?

V.l Convection in Porous Media

Thermal convection in a horizontal layer of a porous medium with permeability
K is analogous to that in a normal fluid. However the fact that the flow of
fluid is now restricted to the pores in the medium means that the viscous term
in the Nayier-Stokes equation is replaced by the Darcy drag term i.e. vV%E is
replaced by - vu/K. The Kozeny form for the permeability is K = ¢, EZ 53/(1—8)2
Where d is the mean particle diameter and € is the mean porosity. c is a
constant, found empirically to be ~ (1/150). If a vertical temperature difference
is applied across a horizontal porous bed, then as with Benard convection,
convection will only occur when the temperature difference exceeds a critical

value., A porous Rayleigh number can be defined by Ra, = agAT KL/vk (cf. section
%k

§IvV.1.1). Clearly RaK = Ra.(KjLz). Convection occurs when RaK > RaKcrlt. If
the bed lies between impermeable plates RaKcrlt = 4ﬂ2; if a free liquid layer
overlies the porous bed RaKcrlt = 27.1. Away from the onset of convection

the heat transfer is found experimentally to be given by Nu* = (l/&O)RaK, where

Nu = 1 as for normal Benard convection.
cond

If the porous bed is heated internally, and is placed on an adiabatic
bottom, a further modified Rayleigh number can be defined by Ra.. = ugHLBK/(ZkUK)
(cf. §IV.1.2) where H is the mean volumetric rate of heat generation. If H'
is the heat generation rate in the solid only, H = H'(1-€). Ty = HLZ/Zk is the
temperature difference in the absence of convection. The critical Rayleigh
number for the onset of convection in an internally heated porous layer with
adiabatic bottom Raﬁﬁit = 33, From arguments analogous to those in §IV.1.2, the
heat transfer relationship for internal heat generation would be predicted to be

1
Nu* = (RaHK/40)z. In fact the experimental data can be fitted by the following
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correlation (Hardee & Nilson 1977).
b
Nu* = (RaHK/43) 5 (5.1)

where b5 = 0.573. This can also be written as TH/(T0 - T]) = (CZTH)bS where
02 is a constant depending on layer depth and thermophysical properties,

TO and TJ are temperatures at the bottom and top of the layers.

V.2 Boiling

Boiling will occur in an internally heated porous layer with
adiabatic bottom when the temperature T0 at the bottom of the layer
Yeaches the boiling point for the coolant Toe It does not occur at a
unique Rayleigh number; it can occur prior to the onset of single )
phase convection, or subsequently. In the conduction regime (RaHK < Rasélt),

the boiling occurs if H is such that TH > (TB — Tl). In the convection
. crit .o 1-b b
> —
regime (RaHK > RaHK ), boiling occurs when TH 5 C2 5.(TB T]).

V.3 Dryout

If after boiling has started, the heat generation rate is still further
increased, a point is reached where the boiling process can no longer carry
away all the generated heat and the bed begins to dryout. The modelling

of boiling particulate beds is still at rather a tentative stage.

One model is that of Hardee and Nilson (1977); In this model liquid
flows downward in one region of the porous bed, and liquid and vapour flow
upwards in another region, until near the top of the bed all the liquid
is vaporized. Energy balance, continuity, and Darcy's law can be combined

to give

HL _ PRt
CL(Ty = TP +§ Qv+ /1Y)

L are specific heat and density of the liquid phase, vy and

v, are the liquid and vapour kinematic viscosities, and  is the latent heat

where CL and p

of evaporation of the coolant. <y is the vapour void fraction and K is

the permeability. Viewing this as an equation for H, as a function of ¥,
- 1

then H takes its maximum value when dH/dy = 0 i.e., ¥ - 1 + (UV/UL)z.

This leads to the following expression for the dry-out generation rate:-—

HL pp 8K

= =T T 7
CL(TB Tl)-l-_i, (vvz + \)Lz)
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This is a model for a deep bed, in which the top of the bed is at the
ambient coolant temperature T]. Dhir and Catton (1976) have developed a closely
related model for a deep bed (see fig. 5.1) in which fluidization occurs in the
upper part of the bed, so that in the fixed bed the coolant is at its boiling
point. Moreover they take the vapour viscosity to be negligible. The Dhir-

Catton form for dry-out of a deep bed is

. P gk
3 3 v

where C. is a constant to be determined from experiment.

3
For shallow beds Dhir and Catton (1976) argue that the whole bed fluidizes

and that dryout then occurs when instability at the interfaces between down-

flowing liquid and upflowing vapour choke the liquid flow.

To measure the dry-out heat flux from a bed of self-heated particles has
not been easy mainly because of the difficulty of simulating the decay heat
satisfactorily. Early experiments heat the bed of particles from below;
subsequently the coolant was joule heated which meant that no heat was being
deposited in the vicinity of particles surrounded with vapour. The most
satisfactory method so far is to use an induction heater at a frequency
which couples strongly with the particles, but not with the coolant.

Fig. 5.2 for teflon coated steel particles in water compares the results.

For a given bed depth, the dry-out flux is higher for induction heating

than for Joule or bottom heating.
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VI. ADVANCE OF MELTING FRONTS

A molten pool sitting on a support can melt the support structure if
the thermal flux is high enough. A melting front will advance into the
support. At the front the heat balance is given by

aT

Fo= pla =k 3n|interface (6.1)

where F is the thermal flux incident on the interface, which can be time-
dependent, p, L, k are the density, latent heat of melting and the thermal
conductivity of the support material, %% is the temperature at the

interface in the support material, and u is the velocity at which the front

is advancing. Within the support material, the time dependent heat conduction

equation is satisfied: 23T/9t = KVZT, where Kk is the thermal diffusivity.

VI.1. Let us consider first of all the advance of a plane interface. If the
heat flux is large and constant, then the melting fromt will propagate into
the support material at a velocity u . In advance of the front heat is
conducted into the support material to raise the temperature to the melting
point, and the temperature profile in the frame of reference of the advancing

front is unchanging: it has the form

T =T, =(T ~T) exp(- ux/k) (6.2)
where x is the distance from the front T0 is the ambient temperature in the
support material and T, is its melting point. Define Tm - To = AT.

The thermal flux into the support is then pcATuo. Hence from equation (6.1)

the velocity ug is related to the applied thermal flux F by

u = F/p(L + cAT) (6.3)

where ¢ is the specific heat of the support material. The distance

I

propogated by the front xo(t) is given by Xy = Y, t- Define p(L + cAT) q.

If the applied flux is large but now changes slowly with time, so that the
temperature field in the support structure can relax continuously to the
form (6.2), then as with equation (6.3) u(t) = F(t)/q. The distance x(t)
propogated by the front is now given by ¥ = Sudt = SF(t)dt/q. The
integral JF(t)dt is the heat supplied so far = Q(t). Thus the high heat flux

case is simple : after a quantity of heat Q has heen supplied to

support material which requires q of heat to raise unit volume to the melting

point, then the amount of material melted is Q/q.

In considering possible saerificial materials, one important
characteristic is its resistance to melting front advance. The quantity q_l

is a good measure of this., Table 6.1 gives the value of q_] for a number
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of materials which are worthy of consideration for sacrificial beds

because q is large.

The form Q/q for the distance propogated by the melting front after time t
is a slight overestimate when the velocity is high. From equation (6.2)
the material ahead of the front has been preheated by conduction and its
thermal energy above ambient temperature is pc f:CT = To)dt.

i.e. Eél. Hence X (t) = (Q(t) - E%I-)/q. While u is large the correcting

u
term is obviously small.

— —— ;I = WT Tm = melting point | p = ;‘3::::1:&1 c\‘l = Specific Heat Hs{ = Heat of fusion
o 1! °c kg wd Jxgt %! 1kg!

! Tac 390 07! 3927 14.50 10° 355.6 406 10°
2 Beo 4.61 107! 2578 1.0 10° 1799 8.4 10°
3 nbB, TN 2996 712 10° 795 5.5 10°
4 o, 497 10! 2838 9.7 10° 502 6.99 10°
5 ve s.05 107" 2732 5.5 10° 962 10,67 10°
6 Tas, 5.19 107! 3093 12.6  10% 414 2.89  10°
7 Tin 5.3 107! 2926 5.0 10° 854 10,79 10°
8 Hgo s.29 10!t 2852 35 100 1310 1791 107
9 Tic s.60 107! 3076 475 10° 866 1n.es 10°
10 Tin, 5.77 1o ! 2870 05 10° 1130 r.26  10°
" 7ec 5.81 107! 3482 6.6 10° s44 770 10°
12 ues, 6.04 107" 1225 .26 107 385 2.68 10°
13 B,C g.00 107! 2426 2.5 10° 2050 18.95 100
14 ¥be 5.81 o 3510 7.7 10° 481 5.6 10°
15 Zrb, 638 107" 3038 6.1 10° m 481 10°
I3 nec 6.35 107" 3926 12.61 10 251 2.89  10°
17 Ze .43 107! 2982 7.29 10° 519 6.36 10°
18 BN 647 07! 2704 2.26 10° 1795 1.5 100
18 we 6.62 107! 2760 15.79 107 251 2.89  10°
20 zr0, .21 0! 2760 5.7 100 649 707 10°
2 AN 7.8 ot 2315 330 10° 172 5.0 10°
22 HEN 7.4 07! 3315 139 10° 209 2.89  10°
2 A0S 7.64 1t T 20w 4.0 10° 1136 0.7 10°
2% TaN 7.59 107! 3093 TR 209 2.89  10°
25 v, 7.3 ! 2621 1.0 10° 251 .76 10°
26 Mosi, g.04 0! 2010 .42 10° 469 5.82  10°
27 vo, 8.32 e 2815 .o 10} 293 2,07 10°
28 e 8.56 0! 2371 136 10° 251 2.89  10°
29 Tho, 811 w ! 3300 9.95 10° 203 T
10 ca0 3.91 ! 2501 3.3 10° 962 9.2 10°
3 cr,0, 10.5 10! 2260 s.20 10° 795 I E AT
32 5c0 10.9 1071 2454 469 107 544 6.74  10°
33 sic 1. w!? ! 1982 2.30 10° 1207 4.6 10°

Table 6.1 Materials for a Sacrificial Bed: To = 100°C [26]

If the flux F is negligible, then the molten debris starts to freeze; the
melting front becomes in fact a freezing front propogating back into the core

2 .
debris such that ¥ = - 2A/kt where A satisfies T\ e (1 + erf A) = cAT/L. This

is the Schwarz solution [11.
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Fig. 6.1 Some Possible Modes of Melting Front Advance [g]

In practice the decay heat F decreases with time (§III); for fuel burn-up of
|

a few hundred days F is roughly « t *, In these circumstances the plane melting
front advances relatively rapidly initially, slows down as F falls, and then as
conduction ahead of the front becomes increasingly dominant reaches a maximum

position of advance X, before solidification begins.

Conduction hecomes important when Kt v Q%t)/{(cAT) pq}. This implicit
equation for t can be used to estimate t and the corresponding Xpax®
max ax

To follow the progress of the front accurately a numerical solution is required.

The plane layer solution describes the advance of the melt front if the core
debris is widely distributed in a layer which can be miscible or immiscible with
the support material. It can also be used for a concentrated mass of core debris
boring into a low condﬁctivity material, to estimate the maximum depth of
penetration on the assumption that a thin skin of material is melted and flows around

the core mass, and that lateral conductivity can be neglected. (see fig. 6.1).

VI.2 Cylindrical growth

If the heat flux from the molten core debris in the vertical up and downward
directions can be neglected, the pool will grow cylindrically. If R(t) is the
pool radius and F is the heat generated per unit depth, then the left hand side
of equation (6.1) can be replaced by F/2mR. Locally near the interface,
equation (6.2) still provides an adequate representation of the temperature profile
in the solid. The pool radius, for rapid front advance is given by
R2 = RZ2 = Q/(mq). (compared with ¥ = Q/q for the plane case). As for the plane
case, a correction can be made for the heat content conducted into the solid ahead

of the front. This gives R = - (kAT /uq) -

Ry
VI.3, Hemispherical growth

If the molten debris forms a hemispherical pool, and the thermal flux through
its downward facing surfaces is independent of angle, then the pool grows radially

outward. If R(t) is the pool radius (in spherical polars) and F is the heat
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generated in the pool (in watts) then the left hand side of equation (6.1) can be
replaced by F/2WR2- The pool radius, for rapid front advance is now given by

R3 = R33 = 3Q/(2mwq). With the correction for heat content conducted into the
solid ahead of the front, this gives the approximation R = R3 = (kAT/uq).

30 | - Fig. 6.2

A Isotherms for the growth
56 | A 4 of a hemispherical melt

pool for a 672 MWt core [45]

radius (metres)

O |

P T T S T n L P S S SR i | 1 L M1 PRt I
4 56?3?106 2 34 5675910? 2 3 4 5 46789 8 2

time (seconds)

As for the plame case, conduction limits the size of the pool. Fig. 5.2
shows some results obtained with the ISOTHM code[45], integrating the partial
differential equations properly. The approximation above gives results for the

pool size good to 107 for the debris from a 3GWt reactor.

VI.4, Experiments

Small-scale simulations have been carried out in the laboratory using weak
aqueous salt solutions which are Joule heated to provide internal heating,
and using water soluble waxes to provide a sacrificial material miscible with
the molten pool. The local advance of the melting front is still governed
by equation (6.1). However the convection with the molten pool results in
the thermal fluxes delivered to the melting front varying with position.

Fig. 6.3 shows results obtained by Farhadieh, Baker and Faw (1975). The
ratio of densities of pool material p, to sacrificial material Py determines
the early time behaviour. When pZ/p] is significant the pool penetrates
downwards faster than it does sideways. When p2/pl is v 1 the lateral
thermal fluxes are larger and the pool grows almost horizontally. Since the
density in the molten pool tends to that of the sacrificial material once it
has been sufficiently diluted then the later stages of pool growth are always
essentially lateral for miscible pools. For immiscible materials where the

sacrificial material is lighter, it forms streams of bubbles which rise .
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through the pool so that the pool density remains unaltered. The passage

of the bubbles through the pool agitates it particularly in the lower boundary
layer, thus enhancing the downwards heat transfer. If the bed material were
concrete so that quantities of gas were released, this would also result

in significant agitation of the pool and changes in the distribution of the

thermal flux to the pool boundaries.

- - - = -— Originol Liquid Pool
P Jf’ \ Liquid -Solid Interface
//

/

===
8 12 2 2 6 28 36 44 50
Time, min 6
‘me, m . o) 105
3 0 49 6l
Solid Phose Time, min
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(a) Advancement of Liquid-Solid Interface /—\_/
a

3
(100% KI sol'n, 1,5 g/ecm”, 0,9 Cp)

(b) Advancement of Liquid-Solid Interface
' 3
(20% ZnBr, - 80% KI sol'n, 1.7g/em”,
2.6 Cp)
Originol Liquid Pool Liqaid - Solid interfoce

Liquid-Solid Inferfoce

[—miginut Liquid Pool

20% 50% 80% nBry by
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(c) (80% ZnBr, - 20% KI sol'n, 2,25 g/cma, (d) 4

9.6 Cp}

Fig. 6.3 Advance of Aqueous solutions into water—soluble waxes [19]
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VII TINTERACTIONS WITH CONCRETE

Significant parts of the overall reactor containment above and below

ground level are made of concrete. After a postulated core meltdown the
concrete might come into contact with sodium and molten core debris, and be
subjected to high temperatures and high thermal fluxes. To assess how good a

contailnment barrier concrete is in these circumstances one needs basic data on

(i) decomposition and melting of concrete by heat fluxes from molten

core debris

(ii) chemical interactions between the constituents of concrete and of

molten core debris.
(ii1) sodiumconcrete interactions.

VII.1 Strong heating of concrete can iead to its decomposition and then
melting; gases are liberated which may (i) agitate the molten core debris

and modify its convection characteristics (see section III) (ii) lead to over-
pressurization of the contaimment and (iii) in certain circumstances lead to

hydrogen fires.

If a high thermal flux is incident on the plane face of a slab of
concrete, the concrete is gradually eroded. At any stage there are three
regions: an outer layer of molten concrete, a layer of decomposed concrete and
virgin concrete. As the concrete decomposes, the interfaces bounding these
regions propagate inwards at the same rates; the gaseous decomposition products
CHZO, COZ) counterflow outwards. At Sandia, concrete has been heated in two
different experimental rigs: — by a 2 MW Plasmajet and in a Radiant Heat
Facility. After subtracting off heat which does not reach the melting interface,
Muir (1977) finds that the overall erosion rate is linearly proportiomal to the
net heat flux reaching the melting interface - as one would expect. A flux of
100 W/cm2 corresponds roughly to 25 cm/hour. The erosion of 1 mn36f concrete
requires v ]O4 J. The lack of any systematic dependence on the type of concrete

(fig. 7.1) suggests that it is the cement rather than the aggregate which

determines the erosion rate.

Depending on the composition of the concrete, up to 30 wt % may be
volatilized at high temperatures. Powers (1977) has studied decomposition
reactions in two types of concrete (I) based on calcareous aggregate; (II) based
on basaltic aggregate. Analyses of small samples of I exposed to linear
temperature ramps show three major weight-loss events over the 20 to 1200°C

temperature range.

(i) 1loss of evaporable water in the range 20°c to 200°C. This water
is present in the concrete as part of the cement; it constitutes

2 to3wt Z in I. = 35 =



(ii) 1loss of chemically constituted water in the range 200°¢ to 600°C.
This water makes up an additiomal 2 to 3 wt % of the concrete
in the form of hydroxides such as Ca(OH)2 and CaB[Al(OH)6]2

which decompose at these temperatures.

(iii) 1loss of carbon dioxide in the temperature range 650°Cc to 1200°C
Decarboxylation of calcium carbonate in the aggregate and cementitious
particles of I may involye more than 22 wt 7 of the cement. In IT

however this loss is < 2 wt Z.

The kinetics of these weight—-loss events may be empirically described

by activated first—order rate laws of the form
dai/dt = (l-ai)exp(ai :_Aai)exp[(-bi i_Abi)/T}

where least squares fitting of experimental data gives the values in
table 7.1. T is the absolute temperature, t is the time in minutes and
Gy, Oy, 0 are the weight fractions of evaporable water, chemically

3
constituted water and carbon dioxide lost from the concrete respectively.

Table 7.1 Rate Constants for Concrete Decomposition [47]

i=1 | 14.07 5.97 5557 867 | evaporable water

i=2 | 28.31 1.43 | 20560 556 | chemically constituted water

1= 16.8 11.0 19362 6816 carbon dioxdide

Melting for both kinds of concrete occurs at 1100 ilZOOC; its onset is
associated with the cementitious material. Complete liquefaction depends
on aggregate type and occurs at 1400 + 50°C. The latent heat associated
with concrete melting is 100 + 30 cal/g and is small compared with the

calorific input required to raise the concrete to its liquidus temperature.

The volume of gas evolved is considerable and its rapid and vigorous
production will violently agitate the overlying melt as Powers (1977) found
when he dropped 200 kg of mild steel at 1700°C into concrete crucibles. In
these experiments the gases were reduced on passage through the melt to H2

and CO, which readily ignite in air.
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VII.2 Chemical Interactions

Concrete and molten core debris both consist of a number of different
components, The mutual solubilities of the concrete constituents with
those of the core debris, the formation of complex slags and the time
scales on which the reactions occur will effect the hydrodynamics of the
molten debris pool, and hence its growth and shape. An informed view of
the magnitude of the task of incorporating these effects properly can be

gained from reading Powers' review, chapter 4 in SAND74. (also chapter 9).

Typical aggregate materials used in the manufacture of concrete are
limestone, basalt and silicate rock. The aggregate material is mixed with
Portland cement and water in the weight ratios 31:5:2 approximately. The

main constituents of the typical resulting concretes are shown in table 7.2.

Table 7.2 Main Constituents of Concrete by weight percent

with limestone with basaltic with siliceous
aggregate aggregate aggregate
Ca0 (41) SiO2 (45) SiO2 (57)
CO2 (29) Ca0 (17) A1203 (13)
3102 (14) A1203 (13) Ca0 (13)
H,0 (7) "FeO" (9) H20 (7)
HZO @2
Also MgO, Na20 and K203 are present at the few percent level. The

main comstituents of core debris are UO2 and iron in roughly equal quantities.
After complete concrete-melt interaction has occurred (if it does),

with HZO and 002 oxiding the iron, the resulting slag is composed mainly

of FeO, Ca0O and Si02 with UO2

range. In the ternary phase diagram for the three main components,

concentration in the 4-7 mole percentage

the limestone-generated slag is in the CaZSiO4 region, the basalt slag

is in the wollastonite region, and the silica rock slag in the tridymite
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TEMPERATURE, °C

region. If the solidification process were determined only by these three
components, then the limestone—generated slag would gradually change
towards the eutectic composition, precipitating Ca25104, lime and wustite,
and freeze at 1283°C. For the other two slags the liquid composition for
both would gradually change towards the minimum melting point in the
wollastonite region at about 1093°C. The other components will modify

these conclusions to some extent.

In the melt-down process however, the melt is likely to be highly

inhomogeneous with an oxide phase and a metallic phase; the evolving gases may

not have time or sufficient access to oxidize the molten iron.
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Fig. 7.3 Penetration of sodium

into

concrete [31]

Fig. 7.2 Melting point of U0, solution
in Columbia River Basalt [13]°

i i1i i ials.
Another question concerns the solubility of UO2 in concrete mater

Experiments have been carried out at ANL with uranium dioxide microspheres

and molten Columbia River basalt. These indicate that the solubility

. o] o}
of U0, in basalt is 6 wt % at 1350°C, 10 wt % at 1560°C and 50 wt % at 2200 C.
see figure 7.2 (from Chasanov et al 1974).
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VII.3 Sodium—-concrete interactions The presence of sodium provides two

additional complications. First potentially it can react exothermally with
both the water content and some of the solid constituents of concrete, thus
adding to the burden of heat to be removed. Secondly appreciable quantities
of hydrogen can be generated by sodium—water reactiomns; this can contribute
to pressurization of the containment, or burn in an oxygen rich atmosphere

(> 5% 02). Brief details of experiments in which sodium has been spilt onto

concrete are given in a review by Hilliard (1975).

The important reactions which can occur between sodium and various
constituents are listed in table 7.3. These reactions can be divided into
two groups. The first three reactions concern the reaction with water or
hydrogen, which are mobile and thus can occur outside the concrete boundary.
The remaining reactions concern solid reactants and thus must take place within
the concrete matrix with sodium being the mobile reactant. The reactions
producing sodium silicate are merely representative of a wide number of

reactions producing Na 0.(Si02). Heats of reaction for conventional (Si02,

basalt) concrete, highzdensity concrete, portland cement, and SiO2 have been
calculated from standard thermophysical properties by Hilliard and also
deduced from a differential thermal analysis of appropriate samples. The
results are given in table 7.4 . Reactions with sodium become significant

above ~ 630°C for standard concrete and ~ 460°C for magnetite concrete.

Small-scale HEDL tests showed that the rate of penetration of sodium into
concrete falls with time, indicating that the solid reaction products which form
a compact layer at the surface are limiting the rate of reaction. An empirical
equation for the reaction rate is R = (A/SO)t_a where o = 0.75, R is the
reaction rate in ftB/hr, A is the surface area in ft2 and t is the time in hours.
The penetration with time for the HEDL tests is given in fig.7,3. However if
the concrete is cracked by thermal or mechanical stresses then the reaction can

propogate much more rapidly.

We have already considered the water released by heating concrete without
sodium; with sodium present the fraction of water which reacts with sodium to
form hydrogen depends on their mutual accessibility. If the water is released
from the concrete directly into the contaimment atmosphere above the sodium pool,
then some water will condense on superstructural surfaces and some will be swept
out by convection into the outer parts of the containment; the formation of
sodium hydroxide on the surface of the sodium pool can also inhibit sodium-
water reactions. In one HEDL experiment under these circumstances only 5 kg

of water reacted to form H2 out of 50 kg of water released. If the water is
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released directly into the sodium pool, then there is essentially 100% conversion

to H2 F

It should be remarked that while a steel liner, if unflawed, can separate
Sodium from conecrete, it cannot inhibit the evolution of H20 and CO2 which are
produced by heat alone. Thus if strong pressures (v 10 bars) are not to be

built up behind such a liner, venting routes are needed within the concrete.

Dayan and Gluekler (1977) estimate that vent holes 4 m apart are sufficient
to allow the gases to escape with pressurization of the liner of less than

0.1 bar.

Table 7.3 Sodium—Concrete Reaction Equations (from [31])

-4 pase
Btu/lb Na
(1) 2 Nagy, +H00 * o Nag0 +Hyg 1680
2
(2) Nag) + Hzo{g) - NaOH{c) + 1/2 Hz(g) 3530
(3) Nau) + 1/2 Hztg) - NaH 1100
4) 4 Nn(“ + 3 Sioz(c) ad 2 Nazsiouc) + 3 Si(c) 2220
5 6
(5) Na(l} *Fe03. 3 Nazo(c) + 2 Fe ) 1350
6
(6) 2 Nau, + Peo(c) + “az°(c) + Fe(c) 1420
(7 Nazotc, + Sioz(c) + Naz 5103(‘:) 2630
Table 7.4 Heats of Reaction [31]
Westinghouse
Research HEDL
Calculated* Lab TME 74-36
Magnetite Concrete 1050 900 + 270 700 + 350
Conventional Concrete 770 240 + 240 -
Sand 1130 820 + 820 -
Portland Cement 98 50 + 50 -

#Calculated from Standard Thermochemical
Properties. Expressed as Btu per lb concrete.
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VIII.

CORE CATCHER DEVICES

The primary object of a core catcher is to bring molten core debris to rest in

a coolable configuration without the escape of radioactive fission products.

A core catcher can be either (a) in-vessel, i.e. within the primary tank or

(b) ex-vessel, i.e. the contaimment envelope

device.

The types of catcher can be considered under the headings of
Table 8.1 lists

Fig. 8.1

beds (ii) crucible concepts (iii) tray concepts.
advantages and disadvantages of each of these concepts,

schematically, some possible realizations of these concepts for a

LMFBR.

concepts.

is enlarged to include an ex-vessel

(i) sacrificial
the main
illustrates

pool type

The devices for a loop type reactor would be similar for the ex—vessel

An in-vessel system has the advantage that the containment envelope is not

enlarged.

Moreover there is already present a large quantity of sodium, which

is adequate for heat rejection of the decay heat after a normal reactor trip.

An ex-vessel system has the advantage that since it is not in contact with high

temperature sodium under normal operation, the choice of potential materials is

widened;

device,

Design Cancept

Sacrificiai Bad
{(1i07, ThO2,
MyO, Graphite,
etc.)

Crucible
Concepts

Tray Concepts

Table 8.1

Types of Core Catcher [26 ]

Features

Large voiume cylindrical
bed with smaller size con-
tainment hole for debris
at uppei surface

Ex-Vessei sysiem

Flat stainless steel
crucible with U032
graphite, or Cu coating
at inner surface

In- or Ex-vessel system

Multi-tray concept with
small volume containers
submerged in sodium

Preferably in-vessel
system

Bdvantages

Potentially passive
system

Defined containment
of molten core debris
Limited upward heat
flux

Low temperature
system

Dispersal of
fragimmented core
debris
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Disadvantages
High cost if UO2
or ThO2 are used

Large cavity size
required

High upward heat

flux

Active cooling
system required

Active cooling
system required
for sodium pool

Uncertain core
debris dispersal

for example, neutron poisons can be incorporated into an ex-vessel

Uncertainties

Mixing
Nistribution of heat fluxes

End of melting process

Effect of initial transient
cenditions on structural
stability

Dispersion of debris and
debris size

Distribution of
fragmented particles in
trays (mass flow)

Structural
feasibility



It is now clear that molten core debris can be satisfactorily cooled;

what 1is

not clear is what is the optimum choice of device, which depends on the importance

that one attaches to passive versus active cooling systems, the probabilities

of availability of active systems, and the desirability of cooling the molten

debris rapidly or of allowing it to cool slowly once it has attained a stable

configuration.

More detailed discussion of various concepts can be found in Gluekler (1975,

1976), Peckover (1973, 1974) in the PAHR information exchange proceedings

[2] and in the Sandia Core Meltdown Review (chapter)l2 [6].

I
Sodium coolant

Reactor

pot core
Internal
core
catcher(s)

(a)

Reactor

pot

Sodium coolant

core

Conical
spreader

(b)

Reactor

Sodium coolant

pot

core

Sacrificial
material

C0QO0C00000000000000

080000000000 000000000000

(c)

Fig. 8.1 (a) Internal Catcher tray, or possibly an array of trays,

possibly with forced auxiliary cooling.

(b) Crucible with conical spreader, and auxiliary cooling;

possibly with a thick liner.

(¢) Cylindrical Sacrificial bed; possibly with auxiliary cooling.
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IX RECRITICALITY

Most of the nmeutrons produced in a

fast reactor are used to maintain the chain reaction : however some

neutrons are absorbed by sodium and by the steel clad; some neutrons

escape and are used by the breeder blankets. After a core meltdown the
configuration is no longer well defined and it is important in designing
any long term retention device for core debris to be clear under what
circumstances, if any, secondary criticality might occur. In practice the
core debris will be some mixture of U02/Pu02 fuel, and steel from clad,
subassembly wrappers and various support structures. If a liner were used

on a retention device e.g. of depleted UOZ’ that material must also be

considered.

To obtain a general insight into the minimum quantities of fuel
required for secondary criticality, we consider now a few simple but
representative geometries, using as fuel a mixture of UOZ/PuO2 with a Pu
enrichment of 27%, and a theoretical density of 9.7 g/cc. The results
below are from Pena, Kussmaul, Froehlich (1975) and were obtained using

a tramsport gss) theory criticality code.

For a sphere surrounded by (a) sodium or (b) depleted UO2 or (c¢) a

vacuum the minimum size and mass is given in table 9.1.

Table 9.1 Criticality Calculations for Mixed-Oxide Fuel Spheres (from [46])

Pu02/U02 Sphere | Critical Radius of | Critical Volume of Critical Mass of

Surrounded PuOZ/UO2 Sphere Pqu/UO2 Sphere Pu02/UO2 Sphere
By (cm) (L) (kg)
Na 21.3 40.6 393.8
Depleted UO2 17.6 22.9 222.3
Vacuum 239 57.25 555.4

The smallest diameter is ~ 35 cm when the sphere is surrounded by depleted

TUo When surrounded by sodium, the mass required is nearly twice as

20

great.
depleted UO2 is used.

tonnes of fuel.

In vacuo the mass required is 2.5 times that required when

A current fast reactor core can contain 4-10

In other geometries, a vertical cylinder of oxide fuel surrounded
by Na or in vacuo needs a diameter in excess of 30 cm to be able to become
critical. If the fuel is in the form of a flat cylinder of radius 100 cm,
resting on steel or depleted UO2 and surrounded by sodium, then it is

.-.3]_



subcritical if the cylinder height is less than 14 cm. If 4 tonnes of
fuel is in the form of a hollow annulus resting on depleted UO2 and
otherwise surrounded by sodium, then if the inner diameter is less than 180 cm, the

system is suberitical.

Steel may also be mixed in with the fuel. Considerable voidage may also
be present. Fig. 9.1 shows how the critical radius of a sphere varies with

either UO2 or Na as surround when

(a) steel of volume fraction 24% is included i.e. the steel of the clad

(b) steel of volume fraction 407% is included i.e. all the steel in the

core.

For a porosity of 50%, then to achieve criticality 1700 kg of oxide
fuel is needed if clad steel is included, and 2300 kg of oxide fuel is needed if

a mean core steel fraction is included.

On the basis of these calculations, secondary recriticality will not
occur for a small meltdown, but cannot be ruled out if a significant fraction
of the core melted. One of the advantages of an ex—vessel device is that a

neutron poison can easily be incorporated in it.

Fig. 9.1 Critical radius vs porosity for a Pu02/U02/stee1 sphere surrounded
by Na or depleted U0, (from [461)

501 () 24°% steel
40
(b) 40%. steel
Ko
i
& 30+
o UO, surround
" 20t Na surround
10+
0 1 ; _
20 30 40 50 60

Critical radius (cm)
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X. MATERTAL PROPERTIES

Modelling the fluid dynamics and heat transfer of multiphase systems is
sufficiently complex that it is important that uncertainties introduced from
inadequate knowledge of material properties should be minimized. During the
past ten years there has been a substantial increase in the data available
for the thermophysical properties of materials relevant to core meltdown
studies, especially at high temperatures. The volume of data is now such that
it is impossible to summarize it in a brief section of a review like this.
Nevertheless it is valuable to be able to find material properties data
quickly; in the following paragraphs the main data compendia are indicated

and shortcomings in the data pointed out.

The following properties are needed for PAHR studies in both the solid and
liquid states:— (i) melting temperature (ii) latent heat of fusion (iii) boiling
point (iv) latent heat of vaporization (v) specific heat (vi) thermal
diffusivity (vii) thermal conductivity (viii) thermal expansion coefficient
(ix) density (%) viscosity (xi) surface tension (xii) thermal emissivity.

In particular their dependence on temperature is required. In other reactor
safety studies (for example whole core accident analysis or fuel coolant
interaction modelling) the properties of the vapour state are required as are

the variations with pressure. We concentrate here on unpressurized systems.

The materials of primary interest are (i) sodium (ii) UO2 (iii) oxide fuel
(iv) stainless steels. Other relevant materials are concrete, and candidate
materials for sacrificial beds.

(1) Sodium

Since the melting point of sodium is 9800, the properties of solid sodium
are not of much interest in this context. For liquid sodium, all the
properties listed above except the thermal emissivity are given over the
liquid temperature range in Golden and Tokar (1967). Updated values are
given in the Argonne compilation of properties for LMFBR safety analysis

(1976) [hereafter called ANL76]. Chasanov et al (1973) provides a convenient
summary of the main properties. See also the ANL report ANL-8120. [13].

(ii) Stainless Steel

The compilation ANL76 provides recommended values for all the properties
listed above except the surface tension and thermal emissivity. The basis
for the recommendations is expanded in Kim (1975). For viscosity it
recommends the use of the viscosity of molten iromn, as does the Sandia review

SAND74, based in this case mainly on Russian experimental work. The

emissivity of various stainless steels 1is also given in SAND74 for both solid

and molten steels. - 94 «



(iii) Uo,
The compilation ANL76 again provides recommended values; SAND74 reviews
the experimental data available. No value is available for the thermal

conductivity of liquid UO_, or for the thermal emittance of liquid UO

2 2°
Conflicting values are reported for the viscosity of UOZ' viz. v 40 cp by
Bates, 7-9 cp by Tsai and Olander, ~ 4 cp by Woodley. The lower values are

more recent. As one might expect the data for U0, at high temperatures

2
is still rather uncertain, and not of the "reference" quality one can

associate with sodium. The thermal conductivity of solid UO, is reasonably

2

well established. The boiling point of UO2 is still uncertain to 5% - ANL76

quotes 3760 K + 200 K. [see also SAND74 and Chasanov et al (1973)] .
(iv) Mixed Oxide

The compilation ANL76 provides the demnsity, the thermal conductivity, the
specific heat, and the thermal expansion coefficient for mixed oxide fuel
(Pu ~ 20-257). For the emittance, surface tension, and viscosity, as yet
unmeasured, it recommends the use of UO2 values. For solid mixed oxide fuel
Bard et al (1974) have summarized in a HEDL report available experimental
data for specific heat, thermal expansion coefficient and thermal conductivity.
Another useful source of data on solid mixed oxides is Olander's text (1976)

on fuel elements which has a companion volume of worked examples.

(v) Concrete and Basalt

Data on concrete and basalt at elevated temperatures is still rather

sparse. See SAND74 for some references.
(vi) Mixtures

Very little thermophysical data exists for various coria, i.e. for molten
core debris mixed in specific fractions, and for coria mixed with concrete,
basalt and other sacrificial bed materials. Work is in progress in a

number of laboratories, including JRC Ispra, to rectify this situation.

In summary, reproducible material properties at high temperatures and for
mixtures of materials are difficult to obtain; this is the area where
PAHR needs material properties and although the data base is much sounder
than it was much more is required and there is a continuing need for
experiments in different laboratories to provide cross—checks and increased
confidence.

CONCLUSIONS

This is intended to be an introductory survey. Each of the topics
mentioned needs to be studied in much greater depth. The behaviour of
individual elements, e.g. particulate beds, molten pools, concrete,
has been touched on; their possible mutual interactions and transitions

are still rather ill defined, and more analysis is required.
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