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INTRODUCTION

An Important Issue 1n the assessment of hypothetical severe accident se-

quences In light water reactors Is the rate of downward migration of the core

melt materials following the Inception of core degradation. As downward mo-

tion progresses, the corium will eventually drain onto support structures such

as the core support plate, various coolant flow distribution plates, and ul-

timately the reactor pressure vessel lower head. The corium freezing and/or

steel ablation behavior which results when the molten coHum contacts the re-

latively cold structural members plays a role in determining the timescale of

the downward progression and may additionally play a role In determining the

manner 1n which the lower head fails. A principal mode of Interaction between

corium and structure Involves the Impingement of a molten corium stream nor-

mally upon the structure. A fundamental Issue in the basic mechanisms under-

lying corium-structure interactions is the presence or absence of a solidified

layer, or crust, of coMum interstitial to the flowing molten corium and the

structure substrate, tending to Insulate the structure from the hot molten

corium (Figure 1). Crust formation in Impingement flow was studied previously

by Epstein et al. (_1_) using simulant material experiments 1n which a freezing

liquid was Impinged upon the end of a meltable rod. The simulant tests exhib-

ited ablation rates consistent with the existence of a protective crust.
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Figure 1. Illustration of Impingement of Molten Corium Jet onto Solid Stainless Steel Plate with
and without Formation of Stable Crust of Solidified Corium upon Steel Substrate.
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Presented here is an analysis of the results of the CSTI-1, CSTI-3, and

CWTI-11 reactor material experiments in which a jet of molten corium initially

at 3080 K was directed downward upon a stainless steel plate. The experiments

are a continuation of a program of reactor material tests 2̂_ to 4J investigat-

ing LWR severe accident phenomena. The objective of the present analysis is

to determine the existence or nonexistence of a corium crust during im-

pingement from comparison of the measured heatup of the plate (as measured by

thermocouples imbedded immediately beneath the steel surface) with model cal-

culations assuming alternately the presence and absence of a stable crust dur-

ing impingement.

SUMMARY OF EXPERIMENTS

The corium mixture employed in the experiments consisted of 60% UO2, 16%

ZK^, and 24% stainless steel generated by a thermite reaction at an initial

temperature of 3080 K, approximately 160 K above the liquidus temperature of

the oxide phase (2923 K). Conditions for the three tests are given in

Table 1. Figure 2 shows the apparatus used for the two Corium-Structure Ther-

mal Interaction (CSTI) Tests, CSTI-1 and CSTI-3. The thermite reaction was

carried out within a thick-walled stainless steel thermite vessel. Following

the completion of the reaction, the corium was released by the actuation of a

fast acting slide mechanism in CSTI-1 and meltthrough of a thin stainless

steel diaphragm in CSTI-3. The corium mixture flowed through a 2.54 cm diam-

eter injection opening. The stainless steel (Type 304) plate upon which the

corium impinged was 1.27 cm thick, 21.2 cm in diameter, and was supported by a

similar 3.81 cm thick base plate. The distance from the bottom of the injec-

tion opening to the plate was 35 cm; the centerlines were carefully aligned so

that the impinging jet would be centered on the plate. In CSTI-1 and CSTI-3,

the plate was contained within a cylindrical interaction vessel which confined
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TABLE 1. CONDITIONS OF CORIKM JET IMPINGEMENT TESTS

Test CSTI-1 CSTI-3 CWTI-11

Injection Opening
Diameter, cm 2.54 2.54 2.54

Height of Injection
Opening above Plate, cm 34.9 34.9 35.2

Initial Plate
Temperature, K 299 299 385

Mass of Reactants
Loaded, kg 4.10 4.10 4.10

Mass of Fuel
Injected, kg 2.43 3.30 2.93
Thermite Vessel
Pressure at Onset
of Inject ion, MPa 0.118 0.55 5.09

Impingement
Duration, s ~ 0.5 0.1 ~ 0.12



, — PRESSURE LINE (CSTr-3)

\

-'"V
• TO GAS RESERVOirt

VENT PIPE (CSTI-3) —

/—PRESSURE EQUALIZER LINE (CSTI-1)

x — PTS-1

1 ^ VENT LINE

f

I', . =
B . I. J • - — VAPOR SEPARATOR

V THERMITE VESSEL

40.00
REFRACTORY LINER

- SLIDE VALVE SHOWN (CSTI-1)
OR

DIAPHRAGM ASSEMBLY (CSTI-31

H.S. MOTION P.CTUBE •
CAMERA VIEW

X-fiAY
SOURCE

(

'•"•''••''\r\:

[ X-RAY CAMERA
PLANE OF VIEW

— 8" SCH. 10 PIPE

20.32
I

/

S.S. BASE

13.02

<^ I X-RAY CAMERA

)>- INTERACTION VESSEL

• BASE THERMOCOUPLES

44.13

c.

CONTAINMENT BARREL

DIMENSIONS IN CENTIMETERS

Figure 2. Illustration of Apparatus Used in Corium-Structure Thermal Interaction Tests CSTI-1
and CSTI-3.

I

i



-6-

the corium following impingement tending to form a pool of corium atop the

plate. The interaction vessel was open at the top to avoid any significant

press'irization and was surrounded by a filtered-vented steel drum to retain

any corium which might splash out of the vessel.

The CWTI-11 experiment was carried out 1n the ANL/EPRI COREXIT Facility

{2_, 3). Although the principal objective of the test was to investigate the

direct heating of the containment atmosphere associated with the gas-driven

sweepout of corium, an instrumented stainless steel plate was used for the

base of the interaction vessel to obtain additional data on impingement flow

heat transfer. In this test, the interaction vessel was not open at the top.

Instead, the injected corium was free to flow laterally from the closed vessel

through a 10.8 cm diameter elbow-shaped pipeway and enter a large expansion

volume. The corium injection was followed by a high velocity follow-on gas

flow which tended to levitate remaining molten corium in a dispersed droplet

flow regime inside the interaction vessel resulting in freezing out of corium

upon the vessel walls and top cover as well as sweepout of corium out of the

interaction vessel through the pipeway. The follow-on gas flow thereby

limited the amount of corium accumulated atop the plate following the impinge-

ment phase. In posttest examination, a corium mass of 0.699 kg was recovered

from atop the plate compared with an injected mass of 2.93 kg; the remainder

had undergone sweepout or had frozen out upon the interaction vessel walls and

cover.

The velocity and flow regime of the impinging corium jet were varied

among the three tests. In CSTI-1, corium was near gravity dropped onto the

plate. In CSTI-3 and CWTI-11, the injections were pressure driven at initial

driving pr3ssure drops of 0.45 and 4.99 MPa respectively; the high injection

pressure achieved in CWTI-11 is believed to have given rise to a two-phase
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flow regime involving the injection of significant gas together with the cor-

ium.

The principal data recorded during the experiments was the response of

ten thermocouples (TC's) imbedded into the steel plate from the underside.

The TC locations and depths are shown in Figure 3 for CSTI-3 and CWTI-11. The

locations were selected to provide heatup data at various radial locations en-

compassing the jet stagnation region. Additional information was obtained

from posttest examination of the corium debris and the plate.

After the corium debris was removed, no major melting of the steel plate

was observed. However, there were areas where some minor pitting of the sur-

face had occurred. The pitting was very localized and isolated. In CSTI-1,

pitting was located between 2.5 and 6.3 cm from the jet axis. The largest

pocket of erosion measured ~ 2 cm diameter, 3 mm maximum depth, and was cen-

tered at 3.8 cm from the axis. In CSTI-3, pitting was limited to two regions

of ~ 2 cm equivalent diameter, 2 mm maximum depth, which were centered at

~ 1.0 and 3.2 cm from the plate centerline. The melted steel in CSTI-3 ap-

peared to have been effectively swept out of the pitted zones by the jet. The

edges of the pits were sharp and deeDest nearest the center, further indicat-

ing a remarkably abrupt spatial variation in the surface attack. The pitting

in CWTI-11 occurred in an annular region at a mean radius of ~ 3 cm from the

axis. The annulus radial thickness varied circumferentially ranging between

zero and a maximum of ~ 2 cm.

CALCULATIONAL MODEL

To interpret the measured TC temperatures and assess their implications

for stable crust formation, a computer model was developed to predict the

heatup of the TC's when corium is injected atop a planar surface. Both of the

cases in which a stable crust is assumed to be either present or absent during

the impingement phase (Figure 1) are modeled.



STAINLESS STEEL

STEEL BASE

0.05 DEPTH BELOW SURFACE
(5) PLACES

0.15 OEPTH BELOW SURFACE
19) PLACES

SECTION A - A

SECTION I J - U

DIMENSIONS IN CENTIMETERS

CO
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When stable crust formation is assumed during the impingement phase, the

model calculates the growth of the crust layer consistent with forced convec-

tion heat transfer from the impinging molten corium and thermal conduction

downward through the crust and plate. Specifically, the local thickness of

the crust satisfies the equation,

The thermal gradient is evaluated within the crust at Its upper surface- The

heat transfer coefficient, h c o n v, accounts for the effects of forced convec-

tion from the flowing corium to the crust. The downward heat flux from the

flowing melt to the solid crust layer is proportional to the difference be-

tween the impinging molten corium temperature, T^, and the temperature at the

crust upper surface which is equal to the corium freezing temperature,

"Tf f r e e z e. For the experiments, this temperature difference has a value of

~ 160 K. Heat transfer coefficients describing forced convection heat

transfer in jet Impingement flow are generally dependent upon the radial dis-

tance from the centerline. In the model, the radial dependency of the plate

heatup arising from that of the heat transfer coefficient is accommodated by

dividing the plate into successive radial zones corresponding to

r r r
jr < 0.5, 0.5 < jr < 1.0, 1.0 < IT < 2.0, etc.,

where D is the impinging jet diameter. The heat transfer coefficient is as-

sumed constant within each of these regions and is defined such that the heat

transfer coefficient averaged over each of the discs equals the maximum

values recommended by Martin (5) for circular jet impingement heat transfer.
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To facilitate computation, the following fits were made to the recommended

disc averaged Nussett numbers presented graphically in Reference 5:

Nu = 1.02 Re°*51oPr0#42, for £ < 0.5 ; (2a)

Nu = 0.606 Re°'547Pr°*42, for £ < 1.0 ; (2b)

Nu = 0.336 Re°'584Pr0#42
5 for £ < 2.0 . (2c)

Values of the resulting convective heat transfer coefficients, h c o n v, calcu-

lated for each of the radial regions are shown in Table 2 for the experiments.

In evaluating the coefficients, the jet diameter has been taken equal to that

of the injection opening. The radial variation of the heat transfer coeffi-

cient is observed to be only moderate; h c o n v decreases by no more than 28% in

going from the central to the outermost of the regions considered here.

A one-dimensional calculation of the heatup of the plate is performed

within each radial zone. Azimuthal symmetry is assumed and radial heat trans-

fer between crust or steel in neighboring radial regions is not modeled. In-

side each radial zone, an axial mesh is defined upon the corium region above

the plate, the plate itself, and the underlying base plate. Crust growth is

calculated by either of two methodologies depending upon the instantaneous

crust thickness. The one-dimensional calculation of the dynamics of 'thin"

crusts having a thickness less than that of the bottommost corium mesh cell

employs the refined integral heat balance method of Volkov and Li-Orlov (_6_) to

account for the effects of the temperature profile within the crust. Thicker

crusts are described with a one-dimensional, multicell finite difference cal-

culation coupled to a continuous tracking of the flowing melt/crust interface
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TABLE 2. VALUES OF FORCED CONVECTION HEAT TRANSFER COEFFICIENT ASSUMED
FOR CORIUM JET IMPINGEMENT FLOW

Test h(£<0.5), h(0.5 < £ < 1.0), h(1.0 < £ < 2.0),

W/(m2.K) W/(m2-K) W/(m2.K)

CSTI-1 470 405 340

CSTI-3 (Onset
of Impingement) 870 815 731

CSTI-3 (End
of Impingement) 841 786 703

CWTI-11 752 694 616
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as It moves vertically across the corium mesh cells 1n each radial region.

The calculation of the heatup of the stainless steel plate employs the refined

integral heat balance approach until the thermal boundary layer reaches the

center of the topmost plate mesh cell and then switches to a multicell, finite

difference calculation. Following the completion of corium Impingement, the

solidification of the molten corium pool accumulated atop the crust and the

continued heatup of the plate is predicted by continuing the finite difference

calculations which are then extended to also encompass the molten pool. The

corium and stainless steel structure are described with temperature dependent

thermophysical properties. The code models the corium as a heterogeneous mix-

ture In which the metallic phase is dispersed as fine droplets throughout an

oxide continuum. In the calculations, the corium is assumed to freeze at a

single temperature equal to the Hquidus temperature of the oxide phase

(2923 K).

In the absence of crust formation, the calculation during the impingement

phase 1s identical to that which would describe the impingement of a non-

freezing jet. Specifically, heat is assumed to be transferred by forced con-

vection directly from the flowing melt to the plate. The downward heat flux

from the Impinging corium 1s thus equal to h c o n v (Tf - TSjj) where T s j is the

temperature at the corium/steel Interface at the plate upper surface. The

downward heat flux from the impinging jet is proportional to the difference

between the molten corium temperature and the plate surface temperature. The

temperature differences in this case may be significantly greater than those

with a crust. For example, 1f the stainless steel is heated to its melting

temperature (~ 1700 K), the driving temperature difference has a value of

1280 K. It follows that significant differences In the plate heatup rate may

be expected between calculations assuming the presence and absence of a stable
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crust. If steel melting 1s predicted by the code, the molten steel 1s assumed

to remain stationary above the solid steel substrate; the effects of flow of

molten steel as a film or physical removal of molten stee are not treated In

the present calculations. The heatup of the steel 1n each radial region 1s

calculated with a one-dimensional finite difference calculation as described

above. Following the corium Impingement phase, the thermal equilibration of

the stationary corium pool accumulated upon the plate with the stainless steel

is calculated with a finite difference analysis as 1n the case where a crust

is always present. It should be noted that pool solidification takes place

with the growth of a frozen corium layer atop the plate and a solid/liquid in-

terface which moves upward through the pool. The frozen corium layer in this

case is also a crust. The point here is that the calculations "without crust"

model a situation in which it is postulated that phenomena associated with

corium flow and jet impingement (eg., turbulence) somehow prevent the forma-

tion of a thin insulating layer of solid corium interstitial to the flowing

hot corium and the plate during the preceding impingement phase.

A significant part of the analysis is the calculation of the TC tempera-

ture from the surrounding plate temperature. As shown in Figure 4, the diame-

ter of the TC's (1.49 mm) Is slightly less than that of the holes into which

they are seated (1.65 mm) and the TC hemispherical head does not conform to

the pointed contour of the hole. Consequently, the thermal resistance associ-

ated with conduction across the air gap separating the TC from the surrounding

plate steel causes the TC temperature to lag behind the temperature of the

plate. The TC's are of the grounded junction type in which the junction has

the form of a bead on the Inner surface of the sheath. The code predicts the

junction temperature by treating the junction and sheath material comprising

the hemispherical head as a bulk medium and accounting for the thermal
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resistance of the air gap as well as the heat loss into the underlying TC MgO

insulation.

RESULTS

In general, the calculations predict that if a stable crust is present

throughout the impingement phase, then melting of the steel plate should not

occur. On the other hand, the complete absence of a crust during impingement

results in the calculation of steel melting near the surface. The only evi-

dence of steel melting observed in posttest examination of the plate was the

localized and Isolated pitting which encompassed only a small fraction of the

plate total surface area. Thus, the lack of melting over nearly all of the

plate surface is consistent with the existence of a corium crust during the

impingement phase.

For those TC's which are not located in a region where pitting occurred,

the measured TC temperatures during and immediately following corium impinge-

ment are either In good agreement with or are bounded by the model predictions

assuming an invariably stable crust is present as corium impinges upon the

plate. For CSTI-3, Figure 5 compares the measured and calculated temperatures

for those TC's located at a radius of 2.54 cm from the centerline and a depth

of 0.5 mm. Similarly, Figure 6 shows the comparison for the other TC's at

this radius but imbedded 1.5 mm beneath the surface. Temperatures are shown

for the first 1 s of time following the on^et of impingement (compared with an

injection timescale of ~ 0.1 s). Longer time intervals are not considered

here, because as the timescale is increased, the heat input to the plate dur-

ing the Impingement phase represents a relatively lower portion of the total

cumulative heat input which also includes that removed from the pool forced

atop the crust or plate. The recorded temperatures agree well with those pre-

dicted assuming the presence of a crust throughout the impingement process.
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Figure 5. Comparison of Measured and Predicted Thermocouple Temperatures
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below Surface.
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In contrast, the temperature rise over the first second calculated assuming

the absence of a crust is more than twice as large as that predicted with a

crust. This Indicates that the short time thermal response of the plate 1s a

viable probe of the insulating effects of crust formation. It should also be

noted that the temperatures measured on opposite sides of the centerline

(i.e., TC-1 vs. TC-9) may show considerable variation among themselves (but

much less than the crust/no crust difference) suggesting some angular varia-

tion to the heat transfer phenomena in the experiments.

A significantly different behavior is obtained for TC's underlying a sur-

face which has undergone pitting. Figures 7 and 8 show the comparison between

calculation and experiment for those TC's at a radius of 1.27 cm from the jet

axis. Pitting did not occur above TC-3 or TC-4 and the temperatures measured

it these locations agree with the calculations assuming an invariably stable

crust. Fortuitously, TC-7 and TC-8 were situated in one of the two isolated

regions where pitting had taken place. The temperature measured by TC-7 for

the first ~ 0.6 s is observed to agree well with that predicted assuming that

crust formation is nonexistent. The Initial temperature rise rate for TC-8

also corresponds more to that calculated in the absence of a crust and the

temperature at 1 s lies midway between the predictions with and without a

crust. In contrast to all other TC data as well as the model calculations,

TC-5 (Figure 9) exhibited a very rapid rise of 440 K over 0.09 s and 520 K by

0.2 s. The peak temperature of 812 K is comparable to the theoretical inter-

face temperature (2.) achieved immediately following the sudden and perfect

contact of semi-infinite slabs of corium and stainless steel (825 K) suggest-

ing that the rapid temperature rise may reflect the removal of steel overlying

the TC and essentially direct contact of the TC with hot corium. Upon examin-

ation of the plate, it was observed that the initial 0.5 mm thickness of steel
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Figure 9. Comparison of Measured and Predicted Thermocouple Temperatures
for CSTI-3: Thermocouple 0.24 cm from Centerline and 0.5 mm
below Surface.
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above TC-5 and TC-7 had been eroded away (i.e., the holes Into which the TC's

fit were completely "burned through").

For CWTI-11, the recorded TC temperatures agree most closely with those

predicted assuming that a stable crust 1s present throughout the impingement

phase (Figures 10-15). The major discrepancy between calculation and experi-

ment was obtained for TC-5 for which the measured temperature lies signifi-

cantly below that calculated with a crust. In CSTI-1, the depths of the TC's

beneath the surface (2, 4, and 8 mm) significantly exceeded those subsequently

employed in CSTI-3 and CWTI-11 resulting in a reduced sensitivity of the meas-

ured TC heatup to the existence of a crust for CSTI-1. Although results from

a detailed comparison for CSTI-1 shall not be shown here, the measured TC re-

sponses in that experiment are all consistent with predictions assuming pro-

tective crust formation.

CONCLUSIONS

Comparison of the measured thermocouple temperatures with model calcula-

tions indicates that a protective crust of solidified corium was present over

nearly all of the plate surface area throughout the Impingement process. The

calculations also show that the crust tended to significantly insulate the

plate from the flowing hot molten corium, reducing the initial thermocouple

heatup rate by more than a factor of two below that calculated 1n the absence

of crust formation. Although a crust was present over nearly all of the plate

surface, the experiments also show evidence for very localized and isolated

crust removal and steel melting as revealed by the localized and isolated pit-

ting of the steel surface and the response of thermocouples located within the

pitted region.
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MOTATION

D * jet diameter, m
n
Conv ' forced convection heat transfer coefficient, W/(m »K)

k = jet thermal conductivity, W/(m«K)

L = heat of fusion, J/kg
h D

Nu = k
conv = jet Musselt number

Pr = jet Prandtl number

r = radial coordinate, m

Re = Jet Reynolds number

T = temperature, K

t = time, s

z = axial/vertical coordinate, m

6 = crust thickness, m

p = density, kg/m^

SUBSCRIPTS

f = corium "fuel"

freeze s freezing temperature

i = corium/stainless steel Interface

s = stainless steel
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