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ABSTRACT 

The Core-Melt Source Reduction System 
(COMSORS) is a new approach to terminate light- 
water rcactor (LWR) corc-mclt accidents and ensure 
containment integrity. A special dissolution glass made 
of lcad oxide (PbO) and boron oxide (B203) isplaced 
under the reactor vessel. If molten core dcbris is 
rclcased onto the glass, the following sequence 
happens: (1) the glass atisorbs decay heat as its 
tcmpcrature increases and the glass softens; (3) the 
core dcbris dissolves into the moltcn glass; (3) molten 
glass convcctive currents crcatc a homogcneous high- 
lcvcl waste (HLW) glass; (4) the molten glass spreads 
into a wider pool, distributing the heat for rcmoval by 
radiation to the reactor cavity above or transfcr to water 
on top of the moltcn glass; and (5) the glass solidifies 
as incrcascd surface cooling arca and dccreasing 
radioactivc dccay heat gcneration allows hcat rcmoval 
to cscccd hcat generation. 

I. INTRODUCTION 

To ensure the integrity of the Containment building 
and prevent the release of radionuclides to the 
cnvironmcnt in the cvcnt of a core-melt accident that 
brcachcs the rcactor vessel, core debris must be cooled 
aficr it lcavcs the rcactor vessel. Core dcbris can . 
thrcatcn Containment integrity in two ways: 

Excess ternperature. The core debris (>2000” C) 
can (1) “ablatc” a hole through the containment 
bascmat or side walls and/or (2) dehydrate and 
weakcn thc concrcte. The problcm is incflicicnt 
hcat-transfcr rncchanisms to dump the heat. This 

lack of good heat transfer rcsults in very-high core- 
debris temperatures which can dcstroy concrete. 
There are two reasons for poor heat transfcr. 

Geometrv. In some accident sccnarios, the 
core debris may pile up in a particular location 
and create very-high local temperaturcs. 

Comuosition. The core dcbris primarily 
consists of high-temperature ccramic materials 
which act as insulators. Because of insuficicnt 
heat transfer within the debris, the bottoms of 
core dcbris piles may burn holcs through the 
concrete even if the top of the core debris is 
cold and under water. 

Overp~essti~izutior~. Chemical and thcrmal 
reactions bctween the core debris and the concrete 
can generate condensable and noncondensable 
gases that may overprcssurize the containment and 
thus cause the containment to fail. Furlhermore, 
these gases, in turn, can react with zirconium in 
the core-melt debris to create potentially 
noncondensable and combustible gases by metals 
reactions such as: 

Zr + 2&0 - ZrO, + 2% I 

Zr + 2C0, -,ZrO, + 2CO I 



11. DESCRIPTION OF COMSORS 

The basic concept1V2 of COMSORS is to place 
glass or glass formers under the rcactor vessel Fig. 1). 
In a core melt accident, the core debris exits the reactor 
vessel, melts the glass, and dissolves into the glass 
melt. Core dcbris ofunknown composition and 
geometry, that may be uncoolable, is converted into a 
relatively uniform glass composition with known 
propcrties in a coolable geomctry. COMSORS is a 
chcmical core catcher in which the glass composition is 
used to adjust the physical and chemical properties of 
the core debris to properties that are favorable for 
tcrmination of a core-melt accident. 

. 

To develop COMSORS, an initial core-melt 
accidcnt scenario was choscn to facilitate analysis. For 
this purpose, a rcprcsentative core-melt sccnario of the 
proposcd Sirnplilicd Boiling-Watcr Reactor (SBWR) 
was chosen (Table 1). Rcprcscntative design 
paramctcrs for COMSORS arc also shown. 

111. OPERATION OF COMSORS 

Durin’g an accident, the COMSORS evolves 
through three stages (Fig. 2). 

A. Stage 1 : Ipitial Dissolution of Core Debris in 
Glass 

In the first stage of the COMSORS response, the 
moltcn core material drops onto the glass floor (there is 
a stccl work surface over the glass). The following . 
sequence of cvcnts happen: 

1. Short-term and long-tcm hcat rcmoval. Glass 
absorbs hcat from core debris for hours as the glass 
heats up and becomes a flowable liquid. For ultimate 
heat rcmoval, cooling water is supplied from the 
suppression pool positioncd above COMSORS. The 
watcr is rcleased onto the core debris and glass via 
pipes with fusible plugs that mclt at high tcmperaturcs. 
(This is the same technique used by sprinklcr $stems 
in comrncrcial buildings.) Boiling of water rcmoves 
the hcat from the top surface of the molten glass. In the 
longer term, water from steam that has condensed in 
the containment above will flow down onto 
COMSORS. Under adiabatic conditions, it takes many 
hours to melt the glass. If the cooling water is on top of 
COMSORS early in the accident sequence, days may 
be requircd to melt the glass and dissolve the debris 
into thc glass. 

Table 1. SBWR dcsign paramctcrs and 
COMSORS dcsign paramctcrs 

Reactor design paraineters 

Type: SBWR 

Reactor power level: 2000 MW(t) 

Reactor cavity floor diameter: 7.6 m 

Reactor cavity floor area pcr rcactor power rating: 
0.02 m2MW 

COMSORS design parameters . 

Glass volume: 105 m3 . 

Glass mass: 810 t 

Initial glass molar composition: 3 PbO: 1=B2O3 

Initial glass dcnsity: 7.7 g/cm3 

Reference chemical coinpositions before and ajer  
interaction with core debris (?id 

ComDound Before - After 

Glass 

PbO 733,000 586,500 

B2°3 77,000 77,000 

Pb 136,000 

Core dcbris 

uo2 8 1,000 

‘3’8 84,200 

Zr 10,000 

Zr02 30,000 43,500 

Fe 10,000 

Fe304 13,800 

Postaccident “equilibriuin ” calculated conditions 
after debris dissolution in glass (Stage 2) 

Water over core debris 

Bulk glass temperature: 547” C 

Downward heat flux: 0.4 kW/m2 

UDward hcat flux: 130 kW/m2 
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2. Dissolution of core debris in glass. As the 
melting proccss progresses, the uranium and fission 
products react and dissolve into the glass, creating an 
HL,W glass which has relatively uniform properties 
because of convective molten-glass currents. To 
dissolvc corc debris fully, a special lead-borate glass 
has bccn developed which contains at least 2 moles of 
PbO per molc of B203. Boron oxide ensures the rapid 
dissolution of oxides in the core debris. Boron oxide is 
used in welding fluxes and other applications for which 
fast dissolution of oxides is required. The boron 
minimizcs concerns about recriticality in a core-melt 
accidcnt. 

Traditional glasses are oxide mixturcs that will 
dissolvc oxides-but not mctals. To eliminate reactive 
metals in core debris, PbO is incorporated into the 
glass. The PbO-oxidizes the reactive metals, 
gcnerating metal oxides and by-product lead. The 
oxidizcd products of reactive metals, such as zirconium 
oxide, dissolve into the glass. Typical chcmical 
oxidation reactions include: 

Zr + 2PbO - ZIo2 + 2Pb 1 (3) 

3Fc + 4 P b 0  - Fe3O, + 4Pb I (4) 

The high-density, molten lead mctal separates 
from thc molten glass and sinks to the bottom of the 
system. Lead mctal is chcmically incrt in the expected 
cnvironment. The use of PbO in the glass eliminates 
the further gcneration of combustible gases from core 
debris chcmical rcactions by prcfcrentially reacting 
with reactive metals such as zirconium in the core 
debris. Last, lead is a liquid at temperatures between 
350 and 1620" C. Natural-circulation lead currents 
ensure relatively uniform heat distribution under the 
glass over a wide range of temperatures. 

The reaction product lead plus any other lead 
added to the system prevents a glomerations of high- 

the glass Q6 g/cm3) in a few locations and attacking 
the containmcnt floor. Time must be provided for core 
dissolution and meltin of the bulk glass. Lead has a 

that of thc mixture generally characterized as "core 
dcbris." The lcad gathers in low spots at which the 
glass is moltcn, and core dcbris floats off the underlying 

density (8.5 g/cm3) core dcbris e from melting holes in 

density of - 1 1.5 g/cm ! , which is a higher dcnsity than 

solid glass. This movement of thc core debris in turn 
reduces the melting of the glass bclow the core debris. 
Simultaneously, lead-convcctivc currents transfer heat 
sideways to solid glass. This convcctive hcat transfer 
preferentially melts glass in a horizontal plane and 
distributes heat uniformly across the systcm. The 
melting glass absorbs hcat and provides frcsh glass to 
dissolve additional core debris. The lead is a self- 
healing mechanism to prcvent pcnctration of core 
debris through the glass to the containment floor. 

3. Spreading of molten glass. The molten HLW 
glass spreads into a wide pool, thcreby distributing the 
heat for removal by radiation to the reactor cavity 
above or transfer to water that spills on top of the glass 
from the containment. The characteristics of the core 
debris are changed 

Geomety. The radioactive hcat source (core 
debris) in an unknown geomctry somewhere on the 
containment floor is convertcd into a uniform heat 
source of known geometry in the form of a molten 
pool of glass. 

Composition. The dissolution process creates a 
glass (with well-defined chcmical and physical 
properties) that is a liquid at relatively low 
temperatures. In effect, the designer chooses an 
acceptable range of properties for efficient heat 
transfer by sclecting the glass composition to meet 
performance requirements. Because the mass of 
the initial glass is significantly greater than the 
mass of the core debris, variations in the initial 
core dcbris mass and chemical composition create 
only limited variations in thc propcrtics of the final 
molten glass solution. 

B. Stage 2: Semiequilibrium Conditions 

In the second stage of the COMSORS response, 
there are semiequilibrium conditions. The core debris 
is dissolved into the molten glass that floats on top of a 
layer of molten lead metal with a thin, solid-glass layer 
between the water and molten glass. The efficient 
convective heat transfer within the molten glass limits 
temperatures to -600" C. At these temperatures, 
insulation can limit the heat fluxes to the underlying 
concrete to manageable values. In the specific case 
analyzed, most of the heat is removed by transfer to the 
water above (130 kW/m2) with only small downward 
heat fluxes (-0.4 kW/m2). 



Over periods of xeeks, bottom containment 
tcmpcratures would increase as heat is transferred 
through the insulation. Heat removal systems (heat 
pipes, natural circulation water loops, etc.) can be 
provided during the original installation of the liner of 
COMSORS to remove the downward heat flux and 
prevent long-term concrete degradation. Because of 
the low heat flux, simple passive heat-removal systems 
with limited capabilities can handle the heat flux. 

glass composition 2Pb0:B2-03 eshibited the highest 
solubility for UO,. With this glass composition, 
>30 w-t % UO, or 30 wt % Zr02 was soluble into the 
glass at -1000°C. It was also observed that 20 wt % 
UO, with 20 wt % ZrO, could be dissolved in this 
glass at 1000" C. The uranium osides increase the 
solubility of the ZrO, and other normally low-soluble 
components in molten glass systems. 

C. Stage3: CoolDown 

In the third stage of the COMSORS response, the 
glass with dissolved core debris begins to solidify as an 
increased surface cooling area results in more rapid 
removal of heat than generation by radioactive decay 
heating. As the core debris cools, the glass (based on 
limitcd laboratory observations) would fracture, thus 
allowing water circulation through the glass-rubble 
bed. 

IV. TI-IERMODYNAMC AND EXPERIMENTAL 
RESULTS 

A thermodynamic study of the PbO-B,O, system 
was conducted. All metals, except metals more noble 
than copper (platinum etc.), will be oxidized by the 
PbO in the melt. These noble metals would ultimately 
dissolve into the lead at the bottom of COMSORS. 

Laboratory experimentshave been conducted that 
demonstrate the dissolution of UO,, ZrO,, Al?03,. 
Ce,O,, MgO, and other oxides into glass. Osidation- 
dissolution tests have demonstrated the oxidation of the 
following metals and alloys (followed by the dissolution 
of their oxides into the melt): Zircaloy-2, stainless 
steel, Al, U, Ce, and other metals. Figure 3 shows the 
partial dissolution of zircaloy clad. In this test, zircaloy 
clad was added to the glass, the glass was heated for a 
short time, and the test was terminated. The crucible 
was scaled in epoxy and cut in two to show the 
chemical reactions at the half-way point. The reaction 
by-product lead can clearly be seen. In other tests, the 
chemical reactions were run to completion with 
creation of a homogeneous glass. Viscosity and 
thermal expansion coefficients were experimentally 
measured. The viscosity is between 50-250 cp at 
700" C, depending upon the glass composition and 
dissolved core debris composition. 

Diflierent glass compositions were experimentally 
evaluated to maximize chemical reactivity and 
maximize the solubility of core debris material. The 
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Fig. 3. Dissolution of Zircaloy. 

A limited number of reaction rate experiments 
were conducted and reaction rates were determined to 
be -0.1 glcm2.h for carbon and metals. This 
determination is approximately the same as that 
calculated from theory (see following). 

V. DESIGN ENVELOPE AND MODELING 

The chemistry ensures the intended COMSORS 
operation if there is sufficient glass present. Practical 
designs require limiting the quantities of glass. Two 
design limits were identified and inveitigated excess 
molten-glass temperatures and excess lead 
temperatures. 



A. Excess Molten-Glass Temperatures 

Excess molten-glass temperatures can cause 
containmcnt failure by high-temperature concrete 
destruction during Stage 2 of the COMSORS response. 
After dcbris dissolution occurs, the system is 
charactcrized by two natural circulation systems: 
molten glass and molten lead Fig. 4). A glass with 
low viscosities at medium temperatures is required to 
minimize Stage 2 temperatures. A thermohydraulic 
model of COMSORS was developed to help us 
understand quasi-steady-state operation. A 
combination of experimental measurements and 
literature-derived properties were used to provide the 
values of key physical properties. For the specifrc 
SBWR accident response that was analyzed, the 
equilibrium glass temperature was -600” C. The 
SBWR design2 is somewhat more complex than that 
shown in Fig. 4. 

There is one unique aspcct of modeling a molten- 
glass natural-circulation system: its thermal 
conductivity. Glasses are optically transparent fluids at 
high tcmperatures with high rates of internal radiative 
heat transfer. The effective thermal conductivity is 
proportional to the cube of the absolute temperature. 
This effect implies that at system operating 
temperature, the effective thermal conductivity of glass 
is comparable to that of metals4. Small increases in 
temperature rapidly increase heat transfer in the system. 

B. Excess Lead Temperatures 

Excess lead temperatures can cause containment 
failures if sufficient core debris fails to dissolve or does 
not dissolve suEciently fast into the glass Fig. 4) 
during Stage 1 operations. In either case, core debris 
will form a solid, floating layer between the molten 
glass and molten ledbecause the core debris has a 
density intermediate between that of molten glass and 
molten lcad. If a thick, insulative, undissolved, heat- 
generating debris layer totally covers this interface, the 
debris layer can heat the lcad and, hence, the concrete 
to excessive temperatures. Partial blockage is not a 
concern because of good heat transfer between molten 
lead and glass. There are two failure mechanisms. 

Solubility Limits of Core Debris in Glass. I€ the 
solubility limits of core-dcbris components in glass 
are exceeded, a layer of core debris will form. 
Expcrimcntal measurcmcnts (see earlier) of core 
debris solubility in glass dcfine the maximum 
loading in the glass bcforc this l i i t  is exceeded 
and define the minimum quantity of glass required 
in any COMSORS design. 

Dissolution Rate Limits of Core Debris iii Glass. 
If dissolution of core dcbris into the glass is too 
slow, a debris layer willkxist aficr all the glass has 
melted. The avoidance of the formation of a layer 
of core debris can be vicwed as a race between 
(a) the dissolution of the core debris and (b) the 
rate of lead temperature heatup. 

The expected Stage 1 operation for COMSORS 
(assuming a monolithic glass below the reactor) is ’ 

(1) core debris flowing onto the glass, (2) core debris 
partially reacting with the glass, and (3) formation of a 
core-debris layer floating on the reaction product lead. 
Water would be on top of the molten glass, and solid 
unreacted glass would be below the lead. Shortly after 
COMSORS initiation, from top to bottom, there would 
be layers of water, molten glass with dissolved core 
debris, undissolved core debris, molten lead, and solid 
glass. As the lead heats up, the solid glass begins to 
“melt” and form molten glass drops that would float 
upward through the lead to the bottom of the core 
debris. These glass droplets dissolve into the core 
debris, thus lowering its density and viscosity. Because 
the moltcn glass has a lower density than the debris, 
these beads would tend to bore into the core debris. 
Higher local temperatures accelerate the process of 
dissolution of glass into the core debris from the 
bottom. The process would continue (as glass 
dissolves core debris from the top and core debris 
dissolves glass from the bottom) until a uniform glass 
mixture is created. 

The dissolution rates also increase with 
temperature. Experiments with other boron glass 
systems’. show that as temperature rises, dissolution 
rates rapidly increase. This increase appears to be a 
result of the boron oxide diffusing into the core debris; 
thereby lowering the melting point of the core debris by 
forming a borate glass and rapidly dissolving and 
breaking up of the debris. 

Detailed chemical kinetics dissolution experiments 
have not yet been conducted to provide high assurance 
that excess lead temperatures will not occur. Only 
limited experiments at one set of conditions were 
preformed. Until such experiments are completed, the 
potential for high lead temperatures is the major 
uncertainty in COMSORS operation. 

Two potential alternative COMSORS designs 
were identificd that use engineering solutions to ensure 
rapid core-debris dissolution. Whether such 
engineering solutions are needed is currently unknown. 
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Fig. 4. COMSORS design limits. 

Accelerated dissolution rate. The rate of 
dissolution depends upon the surface area between 
the glass and the core debris. The surface area is a 
design variable. COMSORS can be built of bricks 
with space between the bricks or hexagonal blocks 
with vertical holes. A QTical design of hexagonal 
block might have vertical holes 3 to 5 cm in diam. 
on a triangular spacing of 10 to 15 cm. In such 
geometries, the molten core debris early in the 
accident would flow into the channels, initially 
freeze in the channels, reheat, and dissolve into the 
glass as the glass melts. Analysis and limited 
experimental measurements indicate that with 
appropriate geometry, the dissolution times are 
short and that overheating of lead will not occur. 

Additional Cooling. The lead can be cooled to 
provide more time for dissolution of the core 
debris using cooling pipes from the containment 
suppression pools. Cooling molten lead anywhere 
provides cooling everywhere under COMSORS 
due to convective lead currents. 

VI. RELATED TECHNOLOGIES 

COMSORS is a new technology, but there are 
related technologies. Developmental work was 
performcd on a borax (Na2B409) core-catcher for 
1000-MW(e) [27OO-MW(t)] gas-cooled, fast reactors 
in German?. This was a chemical core catcher in 
which the oxides dissolved into the borax and a 
separate molten layer of metal was formed under the 
molten borax. 

COMSORS also has similarities to HLW glass 
vitrification systems. Many HLW melters dissolve 
fission products into molten glass with the HLW fed as 
an aqueous slurry to the melter. This process results in 
a'configuration similar to COMSORS: water on top of 
molten glass with internally generated heat sources 
(joule heating, induction heating, decay heat). Heat 
transfer correlations, safety analysis results6*', and 
other integral data are applicable to COMSORS. Tests 
in glass melters have shown that up to 600 kW/m2 can 
be transferred from molten glass to water*. 
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, Last, the COMSORS lead-borate dissolution glass 
is uscd in various analytical tests and has become the 
preferred solvent used in high-temperature calorimetry 
tests for determination ofthe thermodynamic properties 
of complex mineralsg. It is used in these applications 
because of its extraordinary dissolution capabilities. 
For all of these applications, the preferred dissolution 
glass is the 2Pb0:B20, mixture. 

6. 

7. 

VII. SUMMARY 

COMSORS is a new concept to terminate core- 
melt accidents in LWRs. ‘Initial small-scale scoping 
experiments, preliminary analysis, and experimental 
data from other sources (HLW-glass melters, etc.) 
support its feasibility. Added analytical and 
experimental work is required to provide high 
confidence in the concept, to optimize the design, and 
to address engineering issues. 
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