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LIGHT WATEF REACTOR SAFETY RESEAECH PROGPM!

.

1. Molten Core - Concrete Interactions Study

1.1 Summary

The Molten Core - Concrete Interactions Study was initiated in July 15, 1975,
to provide a qualitative, scoping exploraticn of the phenc=ena associated with
contact between tolten core materials and concrete. The experimental elements
of this study are divided into four categories:

1.1 Eepositicn of corium-type melts cnto et nerete.

1.2 Kinetics and stoichiometry of the thermal deco = position of concrete.
1.3 Pesponse of concrete to high heat fluxes at one surface,

l.k Ciculation experiments which explore phenenena at the interface
between a telt and a decc= posing solid.

The experimental results are being incorporated in a scaling analysis which vill
establish scaling parameters for the system L.d identify key eierents of the
telt-concrete interaction. A complete project descriptien of the study was issued
in October 1975.

During this period one small-scale thermite test was perforted. In addition,
a preliminary model of the telt-concrete interaction process has been developed.
The following paragraphs summarize the results for this quarter.

Small-Scale Melt-Cone ete Interaction Test

One small-scale steel-concrete interacticn test was conducted. The test was
a successful demonstration of our test concept and test chamber. The results pave=

the way for conducting highly instrumented tests of rel+.-concrete interactions at
prototypic terreratures to quantify the phenorena..

,,

i L_ b
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I

The experirental results were primarily thermocouple traces and gas samples.
The temperature results indicate the initial cencrete penetration was 2.0 to
2.5 cm/ min. The outlet gas tecperature was Icv enough throughout the test for

,

instrumentation placed at the orifice to survive. The visually determined gas
flow rates indicated a pulsing rather than a uniform flow rate. The gas samples

.

indicate considerable amounts of H and CO are present and that C tay be released
2

from the gas in particulate form.

Mode] Develortent

A preliminary comprehensive model of the telt-concrete interaction has been
deve'oped. The focus of the effort was to develop a reasonably complete model
even though many effects are treated in a simplistic tanner. The model has been
provided to preliminary users.

1.2 Small-Scale Melt-Concrete Interaction Tests

(D. A. Powers)

1.2.1 Introduction

Experimental activities during the report period which yielded tangible
results were confined to the fabrication and successful test $ng of an instrumenta-
tion tower for small-scale, prototypic temperature, melt / concrete interaction tests.
Descriptions of this suc cessful test constitute the majority of this secticn.

1.2.2 Erre rimont al

The test, designated CSB-2, was conducted in a ranner similar to that used
in previous stall-scale tests of this type. The crucible was a rectangular*

block of calcareous concrete 10-13/16 x 10-13/16 x 22-5/8 inches with a cylindrical
cavity L-7/8 inches in diameter and 17-5/8 inches long. The crucible was fitted
with a steel instrumentaticn tower whose design has been discussed previously.
The assembled fixture is shown in Figure 1.

.

The instrumentation tower used in this test satisfactorily served several purposes.
The tower was sealed to the concrete crucible through a graphite compressicn *

~,i o
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seal so that the thermitically generated telt was retained in the crucible.
Cases evolved during the telt/ concrete interaction were channeled to instrumentation

.

in the tower. The cassive baffle system within the tower cooled the evolved
gases to temperature compatible with instrumentation in the tower.

.

Only limited diagnostic instrumentation was applied to this demonstration
test. Thermocouples were embedded in the concrete in an arrangement that has been
previously described. Thermocouples were also located in the carrel of the

tower and near the exit part of the tower. " Grab" samples of gases evolved from

the telt/ concrete interaction were abstracted from the tower using electrically
actuated valves. Color motien picture records of the test were made at 2h and
368 fraces per second.

The metallothermic charge used to generate the test telt consisted of 10.86 kg
of a 76.3 v/o Fe g, 23.7 v/o Al mixture.3

1.2.3 Results

1.2.3.1 Events of the Test

A tabulaticn of the major, tacroscopically observable events in the test
is shown in Table I. A compilaticn of photographs taken from the notion
picture record of the test is shown in Figure 2.

Shortly after ignition of the charge, white stoke was emitted frc= the
instrumentation tower. These emissions of what is believed to be aluminum
oxide increased in intensity until they became sufficiently intense that
the test fixture was occasionally obscured frc= view. The aercsol emissicn

became dark brown to black in color 11 se cnis after the start of the test. This

dark aerosol consists of a variety of species including some carbon.
This carbon may have ccre frc= the graphite seals within the instrumentation
tower and at the tower-concrete interfcce. Posttest inspection of the test
fixture produced little evidence of derage to the seals. The carbon may also *

be the result of chemical processes natural to the gas stream produced in
the melt / concrete interaction. This second possibility is discussed below. *

') |
3 a, -
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TABLE I

Events in the Test

.

~

Time (Seconds) Description of the Event

0.0 Fuse ignition.

6.3 Charge ignition.

11.2 Emission of white aerosol from the
instrumentation tower first detected.

22.1 Aerosol emissions darken.

25 First i as sample extracted.c

31 TC8 begins to respond.

31.6 Flace ignited at the exit port c" the
instrumentation tower.

3L Second gas sample extracted.

k0.2 TC8 fails.

kl Third gas sample extracted.

L6 TC5 responds.

h6 Fourth gas sample extracted.

50.5 Gas stream still ignited.
Cameras depleted of film.

.

51 TC6 responds.
.

55 Fifth gas sample extracted.

_

m
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Flame appeared at the exit port of the tower 25.3 seconds after ignition
of the metallothermic charge. Ae~osol emissions from the tower vaned sub-

.

r

stantially with the appearance of this flame. Careful inspection of the
photographic records of the test suggests that ignition of the gases evolved .

in the test occurred within the gas stream and not at the port orifice
(see Figure 3). The gas stream at the time of ignition is badly obscured
by the evolved aerosol and the above observation may be in error. If
accurate, it suggests that igniticn may have been brought about by the
aerosol once the gas strea= had e=erged into an envirottent where oxygen
was available to sustain combustion. Homogeneous ignition of diffusional
flames is an unlikely process.

The fla e jet from the test fixture eventually extended to a length
of ore than 3 feet. Its color at ignition was a very bright yellow.
Ten to fifteen seconds later the flame was very pale and barely visible.
The intensity of the flame declined s=ooth]y during the test. Aerosol
emission from the test fixture, on the other hand, exhibited the pulsating
behavior observed in the previous small-scale tests.

Accurate time esticates for the end of the flame emissions from the
tower could not be made. For fully twenty tinutes after the start of the
test, steam escaped from the exit port. For an even longer time, liquid
water dripped from the tower. Water also flowed from cracks in the concrete
just as in previous small-scale tests. Gurgling sounds, punctuated by
tild popping soands, could be heard emanating from the crucible.

1.2.3.2 Instrumental Results

Temperature data provided by thermoccuples incorporated in the test
fixture are shown in Figures L and 5. Thermocouples located near the gas
sampling ports in the instrumentation tower barrel vere destroyed quite
early in the test. Consequently, no data, concerning the temperature of
the evolved gas stream at the time " grab" samples were extracted, were -

cbtained. Posttest inspection of these sensors showed that they had been
fouled by colten metal.

.

*
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The thermocouple located near the exit port of the instrumentation

tower recorded only tild te=peratures. It began to respond approximately -

18 seconds after charge ignition. It recorde i a taxiuum temperature of
586 C at h2 seconds after the start of the 'ateraction. Above ambient tempera-

,

tures were still detected 5 minutes after the start of the test. The output
from the sensor fluctuated during the test, perhaps as a result of fluctuating
emissions from the site of the telt/ concrete iterations, though other
explanations could be advanced. Data from the exit port thermocouple show that
the instrumentation tower satisfactorily cooled the evolved gas stream in
the test to a te=pera+ure compatible with the instrumentation incorporated
in this test and instrumentation planned in future tests.

Thermocouples TC8, TC6, and TC5 were located in the concrete 0.5, 2.28,
and 1.78 cm below the cri tible cavity, respectively. Sensor TC8 was failed

40.23 seconds after the ctart of the test. This failure indicates a telt
penetration rate of 2.3 0.5 cm/tinute.

The overall behavior of the embedded cher=ocouples was qualitatively
similar though on differing time scales. Each temperature-time curve
begins with a sharp rise to 120 to 1LO C. In this temperature range
there is an arrest in the temperature rise. No further increase in
temperature occurs for a period of 3 to 15 seconds. The temperature then
begins to rice again, though additional stall arrests in the temperature-
time curves can be detected.

The arrests in the terperat' ire histories reported by the embedded sensors
TC6 and TC5 tay be tore clearly seen in plots of the time derivative of
temperature versus tenperature shown in Figure 6. Three distinct arrests
are seen in these plots. They occur at 120 , kk0 , and 650 C. Thermal
arrests cust certainly be due to thermally initiated endothermic reaction
occurring in the vicinity of the junction of the thermocouple. The arrests
cited above correspond closely to the major decomposition reactions in

calcareous concre:e - loss of evaporable water, loss of chemically constituted
,

water and the loss of carben dioxide. The intensities of such thernal

n - " i
*
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arrests are complex functions of the mass of reactive caterial surrounding the
thertocouple junction, the rate of heating of the caterial, and the enthalpy '

the reaction events. The method of thertoccuple location in the crucible used
in the test SSB-2 assures that the junction ir located within the aementituous -

taterial of the concrete. This would account for the relatively dra=atic
intensity of the arrest assigned to loss of evaporable water and the relatively
weak intensity cf the arrest assigned to the thermally in!'inted loss of
carbon dioxide.

Thermocouples located in concrete are prone to errors due to the thermal
conductivity tistatch between the eensor and the caterial. Errors of this
type have recently been assessed using a method proposed by Beck . The
difference between the temperature reported by the ther:celectric senser and

the temperature of the material, if the sensor were not present, is always
negative and depends on the rate of concrete erosion as well as the absolute
temperature. The expected ceasurement error for thermocouples of the type
used in test SSB-2 at 227 and 1327 C is plotted against the concrete
erosion rate in Figure 7. This figure shows that , at the failure temperature
for erosion rates such as those encountered in this test, substantial errors
in the absolute temperature reasure ments could be expected. However, since
these errors are of the systematic variety, it ought to be possible, when

more data on the telt/ concrete interaction are available and after further
analysis of that data, to correct thertoccuple data for errors introduced by
the presence of the thermocouple.

The extensive baffle system built into the instrumentation tower in
test SSB-2 permitted acquisition of high quality " grab" samples from the gas
stream evolved during the celt concrete interaction. These gas samples were
analyzed by gas chrcratography as previously described. Results of the
analysis, along with the analysis of a local air sample, are shown in Table II.
The samples listed in this table are identified by the time in seconds after
the start of the test on which they were acquired. As stated above gas
temperature data at the time of sampling could not be obtained in this test.

.

The gas composition results demonstrate the highly reduced nature of
.

gases evolved when molten steel interacts with concrete. The stall amounts

em

h
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TABLE II

Gas Compositions

Gas Analysis From Test CSB-2

(Volume %)

I"(a)
H N, O Ar CO CH CO CH HO(Ceconds) 2 e 2 h 2 2h 2

25 31.8 3.20 0.68 '.011 43.84 0.007 19.86 ND(b) 0.6

3h 3h.h 0.61 0.105 Tr 28.8h 0.okk 35.25 ND 0.8

,,,r ( c )41 32.8 0.71 0.1h5 51.0 0.009 14.86 0.005 0.52
i

L8 35.4 3 91 0 97 0.015 49.27 0.028 9.71 0.023 0.65

55 38.0 16.95 4.2h 0.060 38.3 0.025 2.19 0.015 0.2

" air" ND 76.7 22.07 0.64 ND ND o.024 ND 0.2

(a) Time in seconds after fuse ignition.
,_ , (b) ND = none detected

(c) Tr = Trace

.
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of nitrogen, argen, and oxygen present in the first three gas samples
undoubtedly came from air trapped in the " dead" volume of the sampling

.

apparatus. Similar gases in the fourth and fifth samples probably came from
atmospheric gases diffusing back into the instrumentation tower at the low

.

gas evolution rates near the end of the test. The 0 /N ratio of the
2 2

atmospheric impurities is low, relat.ve to that ir the los air (see Table III).
This suggests that the atmospheric oxygen impuri' tay have reacted either

,

with metals in the test fixtures or with the evolved gases.

The result of recomputing the composition of the gas samples, m glecting
the Table III impurities, is shown in Table IV. The source of these gases
is of course the thermally induced liberation of water and carben dioxide
from the concrete. These liberated gases percolate through the telt and are
clearly reduced in the process. It is of interest, therefore, to compare
the ratio of hydrogen and carbon in the gases to that present in the virgir.
concrete. The colar ratio H /C is plotted versus sampling time in Figurc 6.2
The H /C ratio increases during the test. Forty seconds after the start2

of the test this ratio deviates substantially from that of the present in
the original concrete (H /C = 0.510). It is probable that, as heat is2

transferred into the concrete, a point is reached at which the temperature
rise created by this heat is sufficient to liberate water from the concrete but
is not sufficient to deco = pose the more refractory limestone aggregate. Such
a phenomenon would e:: count for the increasing H /C ratio.

2

When gases are sampled at elevated temperatures, the possibility that
these gaces may react with the sampling apparatus exists. Purther, if the
temperature at which the gases are sampled is not the same as the te=perature
of the gases at the source, the ceasured gas cc positions may not reflect the
source gas composition accurately. The gas samples obtained in test SSB-2
have therefore been subjected to extensive therrodynamic analysis. This'

analysis has been conducted in an effort to reconstruct the true gas compositions
and derive the compositional history of the gases. Results of this analysis
are briefly described below.

.

IThe computer code SPEDIS was used to determine the " correspondence"
- temperature of each species in the five gas samples. Tne "correspendence"

") /..
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TABLE III .

Oxygen / Nitrogen Ratios in the Cas Sa=ples

Sa=ple 0 /N by Voltre Ratio
2 2

" air" 0.2877

25 0.2128

3h 0.1721

L1 0.20L2

k8 0.2h81

55 0.2501

.

w

a

Y h
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TM E IV,

Gas Sample Compositions after Recoval of Air impurities

Volume %
Sample

*
H CO CH CO CH H0

(Seconds) 2 h 2 2h 2

25 33.09 k5.62 0.007 20.66 ID 0.62

3h 34.63 29 03 0.0kh 35.h9 ID 0.81

L1 33.07 51.h1 0.009 1h 98 0.005 0 52

48 37.23 51.82 0.029 10.21 0.02h 0.68

55 h8.27 h8.65 0.032 2.78 0.019 0.25

.
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,
temperature is the temperature at which * ~..e calculated equilitrium concentration

of a particular species in the mixture equals the observed concentration.

,

" Correspondence" temperatures for the gas camples are shown in Table V. No

" correspondence" temperature could be found for the hydrogen in the gas samples
over the range of 100 to 1700 C. This fact and the extreme variability of

the correspondence temperatures for other constituents of the gas samples

indicate the mixtures are not at equilibrium.

The gas samples extracted from the test fixture 25 and 3h seconds after the

start of the test have been subjected to further analysis in an effort to

reconstitute the compositions of these sa:ples when they were last at

equilibrium. Inspection of the correspondence temperatures of the species
in these two samples shows that CO and C0 must be very nearly at mutual

2
equilibriu= whereas H , H 0, and CH

2 2 g severely de-equilibrated. Likelyare

reactions which could lead to this de-equilibration are:

Met al-wat er

Fe + H O w Fe0 + H2 2

Carbon deposition

CH (g) - C(s) + 2H (6)g 2

Carbon ar' oxygen were therefore rathematically added to the gas mixture to
form H O and CH until a uniform correspondence temperature was found for the2 g

species in each tixture. The resulting compositions of the gas aliquots and
their correspondence temperatures, which are also the temperatures at which
the species in the samples were last at equilibrium, are shown in Table VI.

The equilibriu temperatures are entirely censistent with the circumstances

of test CSB-2. It is noteworthy that the carbon additions necessary to
reconstitute the sample acquired at 25 seconds, and by implication the amount
of carbon that must have been lost by the s as it cooled, are of the same

order of tagnitude as aerosol etissions observed in previous small-scale,

tests.

.

t_
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TABLE V
.

Correspondence Temperature ( C) for Gas Sample Constituents

Correspondence Temperatures (OC)

Sa=ple
Time

(Seconds) [2 CO CII CO CH E0h 2h 2_

25 -- 645 905 660 ND hLO

3L -- 600 780 610 ND .-

L1 -- 675 920 680 205 L70

48 -- 700 905 710 150 L60

55 -- 775 1000 780 100 275

.

.

f
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TABLE VI
.

Last Equilibrium Composition of the Gas Mixtures.

Tine = 25 Seconds Sample

Species Volume % Corresnondence Tenn.

H 23.hh 8102

CO h5.65 810

CH 0.031 610g

CO 20.68 8102

HO 10.20 8102

0 added = 0.7502 gram / liter C added = 0.0012 gra=/ liter2

Tite = 3h Seconds Sample

Species Volure T Corresrondence Tern.

H 19.13 72T2

CO 29.03 727

CH 0.0kh 730g

CO 35'L9 I2T2
,

HO 16.31 727
.

2

. 0 ad ed = 1.17 grac/ liter C added = <0.0001 gram / liter2

''
i ') {

.. s
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The consistent nature of the preceding analysis may be demonstrated by
examining the appropriate fugacity - temperature relationships. The oxygen *

fugacity - temperature curve for the assemblage Wustite (W) - Iron (I) is shown
in Figure 9 Curves (a) and (b) in this figure indicate the oxygen fugacity -

in the samples acquired at 25 and 3L seconds, respectively. Below - 600 C
both curves (a) and (b) pass into the vustite stability field. Either
equilibrium cooling of the gases to room temperature or quenching the gases
from their correspcndence temperatures along paths q

25 3h rings the gases# 9

into the Wustite stability field. Once there, the gases would oxidize avail-
able iron, as hypothesized above, provided kinetic factors were favorable.

The carbon fugacity - temperature relationship for graphite in equilibrium
with a carbonaceous gas is shown in Figure 10. Again, curves (a) and (b)

denote the fugacity of carbon in the gas samples acquired 25 and 3h seconds
after the start of the test, respectively. Below - 600 C the curves (a) and

(b) pass into the graphite stability field. Consequently, either equilibrium
cooling of the gas mixtures or quenching the gas mixtures from their .

respective correspondence te=peratures (paths q2 5 ""d 9 vu pae e gas
3L

samples in a situation where they would have to deposit solid carbon.

The closeness with which the oxygen fugacities of the two gas samples
follow the oxygen fugacity over Wustite in equilibrium with iron suggests the
compositional histories of the gas samples may be estimated from the behavior
of the W-I oxygen fugacity - temperature curve. Results of such extrapolations
to te=peratures of 900 to 1700 C are shewn in Table VII.

These results indicate many interesting phenoncsa. A=cng them are:

(a) As the temperature increases, stability of carbon monoxide increases
at the expense of cardon dioxide.

(b) The CO/CO equilibrium disrupts the expected behavior of the H /H O
2 2 2

equilibriu= so that water becotes more stable at higher temperatures.
(c) As temperature is increased, the very active species atotic hydrogen

.

(nascent hydrogen) becomes a more significant contributor to the ges
composition.

.
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TABLE VII

.

Estimated Gas Ccepositions at Elevated Temperatures

Time = 25 Ceconds Sample

Gas Composition i- Volute % at the Indicated Temperature (OC)
Species 900 1100 1300 1500 1700

H 22.15 19.79 18.12 16.91 16.012

CO L7.01 49.38 51.05 52.2h 53.11

CH 0.003 --- --- --- ---k

CO 19.31 16.9h 15.27 1h.07 13.182

HO 11.53 13.90 15.56 16.76 17.642

H --- --- --- 0.01 05

Time = 3h Seconds Sample

Gas Composition in Volume % at the Indicated Tet,erature (OC)
Srecia- 900 1100 1300 1500 1700

H 15.79 13.11 11.31 10.06 9.142

CO 32.50 35.18 36.98 38.23 3.1.12

CH --- --- --- --- ---g

CO 32.0 29.32 27.53 26.27 25.372

HO 19.70 22.38 24.18 25.h3 26.312.

F --- --- 0.001 0.009 0.0h
.

* p A F

r, m.
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The currently available data tace for the analysis of complex gas
equilibria such as described atove is litited to the temperature range of 100
to 1700 C. Efforts are now underway to extend this da* a base up to prototypic
temperature (2000 to 3000 C) and also include data for condensible vapor *

crecies.
.

1.2.3.3 Fosttest Analycic of the Test Fixture

Little posttest analysis of the test fixture was done during this report
pericd. Disassembly of the instrumentaticn tower showed the slant taffles at

the base of the tower were completely destroyed. Bristle baffles year the
base of the tower vere pierced. Other baff'es within the tower Laffle had

sustained significant telting. The magnitude of this telting decreased with

increasing distance from the hot zone in the crucible. Eaffles in the side

arn of the tower were badly rusted by the steat escaping from the fixture

but were otherwise undamaged (see Figure 11).

The crucible itself bore an appearance quite similat to that of the

crucible used in other tests. The crucible was cracked on 3 sides as shown
in Figure 12. The surface to which the instrumentation tower was sealed
was free of any blemishes indicative of venting through the seal.

The inner surface of the crucible cavity was coated with a pale green
slag to a depth up to 1/2 inch. "ke diameter of the cavity had teen expanded
by n'.arly 1 inch. The slag pool .t the base of the cavity was 3/h to 1 inch
thick. The retallic portion of the telt had solidified as a coherent rass.

Its weight, 5.167 kg, vac 86.2 percent of the weight calculated by assuming
stoichiometric reaction of the telt-forting charge. The instrumentation tcwer

obviously retained the telt and solid concrete decomposition products within
the crucible in a ccepletely satisfactory way.

When the metal slug was cut, it was found relatively free of ges pockets.
A single slag inclusion approximately one-inch long and 3 /16 inch thick could
te seen in the cross-section of the metal clug.

.

The metal / concrete interface was identical to that observed in previous
stall-scale tests with calcareous concrete. It consisted of a thin, dark, .

incipient telt region. Below this layer were two distinct layers of thertally

altered but not telted concrete.

-
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1.2.k Concluntens

A nutter of significant findings have cere to light as a result of test,

CCB-2. Scre of these are:
.

(a) The vigorcus interaction that occurs when high-temperature celts
contat concrete may te ccntained by an appropriately designed
sealing arrangement.

(b) The cas stream evolved frca the interacting relt/ concrete system may
be cooled sufficiently to permit real-time diagnostic investigation
of the gas. Ccnsequently Thencnena which heretofere could only te
cutjectively described may be quantified.

(c) liigh quality "grat" camples may be taken frcm the evolved gac stream.
Thercochemical analysis of the ecmposition demonstrates the cceplex
equilibria developed in the gas stream. Thece equilibria tay have
significant impact on quections of core teltdown phenomenology.

(d) Thertally induced rac generation frce concrete occurs away frcm the

telt/ concrete interface and is the recult of heat transfer into the
As a result the cerrocition of gaces evolved during aconcrete.

relt/ concrete interaction need not reflect the composition of
vaporicable species in the concrete.

(e) Techniques are now available which allow correcticn of data acquired
by thermocouples and gas sampling devices for errors induced by the
precence of thic instrumentation.

The above findings pave the way for conduct of highly instrumented tests of
telt/ concrete interactions with both steel and Corium-type celts at prctotypic
terreratures.

1.3 Core / Concrete Interaction Model

(W. B. Murfin)

1.3.1 Introoucticn

A cathematical rodel of core / concrete interaction is being formulated. This
work has been divided into two pharen: (a) a preliminary, approxicate codel to

.
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be tased on the earliest experimental results and (b) a core detailed and refined

model to be for=ulated when more data teccre available.
.

This section describes the first phase of the modeling project and the initial
*

stages of the second. Eecause a usable model was desired at the earliest

possible time, many important and interesting phenctena could only be approximated.
The codel is therefore not predictive in the sense that fidelity to an actual

core teltdown can te confidently expected. Ecvever, it is believed that the model

can te used to descrite major phencrena qualitatively and to determine +he relativt

importance of many effects.

Two distinct layers are considered: a retallic layer and an oxidic layer.

Each layer is considered to be homogeneous and isothermal, except for a thin
boundary film. Heat transfer to the concrete is censidered to take place across
an interface censisting of two films, cne teing a mixture of solid and liquid
concrete deccepcsition products and the other being the gaseous deccrposition
products. Cooling of the telt by radiative transfer frc the upper surface and

by gas blowing is also accounted for.

The model has been chected against experiments, and simulates test LSL-1 in

the test important particulars. Eufficient empirical ecnstants are included so

that the fit can te improved as more experimental data teccre available.

The model has been inecrporated into a computer code (I"TER) which is currently
crerational.

1.3.2 Description of the Theoretical Model

A schenstic cer:eptualization of the two layers is shcwn in Figure 13. Each

layer (retal and oxide) is considered to be well mixed and isothermal in its
interior as long as the layer is talten. Heat transfer frc: layer to layer takes

place across a beundary layer er film whose thickness varies with the violence

of mixing. The two tain layers are assumed to be in intirate centact with each

other, but there can be a vapor layer at the interface with the decomposing
concrete. The thicknees of the boundary layer can te different for each tain

layer; however, in each layer, it is uniform around the periphery of the layer. -

Heat is radiated to the containment, conducted into the concrete, and interchanged
between layers.
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The geometries considered are a hemispherical segment, a hemisphere intersected
by a cylinder, or a flat cylinder.

.

Flows of caterial are shown in Figure 14. Material can be interchanged between

layers. For example, iron oxides created by reaction of the steam with iron in the
retallic part of the celt are assured to be rapidly incorporated into the oxide
layer. Solid or liquid decorposition products are assumed always to go promptly
to the appropriate telt layer. However, gaseous products will not pass through
the telt if the interface with the concrete is vertical.

Gas induced circulation cells are shown in Figure 15. In a normal cell,

more gas passes through the outside of the celt and circulation follows the top
drawing. However, if the lower layer is hotter than the upper layer, nore gas
flows through the center and the circulation direction can be reversed. Even if
one layer is frozen, as shown in the lower sketches, a circulation cell vculd be
expected in the other molten layer. As a general rule, it is to be expected that
a circulation cell will be set up if (a) the material is colten and (b) there
is appreciable gas flow. The intensity of the circulation (and hence the thickness
of the boundary layer) will depend on the rate of gas flow. Other factors
influencing the boundary layer thickness include telt viscosity and gas flow
path; these factors are not dealt with in this simple uodel.

The temperature in the i-th layer is described by

A (M Ci pi i) = QT
dt dt i

i = 1,2 (tetal or oxide)

where

M = cass of 1-th layer

C = specific heat of i-th layer

T = terperature of 1-th layer
d

gg-Q = net rate of heat added to 1-th layer

t = time

. , u.
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Where the superscripts n and n+1 refer to the beginning and end of the.

time step. It has been found that the specific heats and heat rates are

,
slowly varying quantities; and it is possible, wit' reasonably small error,

to use these at the beginning of the tire step cnly.

The rete of heat addition is the sum of internal decay heating,

enthalpy of entering materials, internal reactions, and heat conducted

from the other layer. This is reduced by radiation losses, enthalpy of taterial

leaving, heat conducted to the concrete, hest lost to the other layer, and
heat required to dissociate any concrete products not dissociated at the

telt/ concrete interface.

For all solid or liquid caterials, the temperature at which taterials

leave is the temperature of the isothermal central regien of the layer.
Ecvever, it is possible for gases to transit the material so rapidly that
they do not core into thermal equilibrium with the layer. An " equilibrium
thickness" is assured. The exit temperature is

I ~ **E ~* !* ~ entleav r

where

T = the exit temperature for gases
leav

i
T = temperature of layer i

x = thickness of layer i

i
x = reference thickness of layer i
r

Ten = the entrance temperature for gasese

Density, conductivity, and specific heat as used in the model are functions
"

of temps rature. When a step change of properties occurs (at phase chan6es), the
change is censidered to take place over a few degrees interval, and the step is

averaged over the interval.

-

} =
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The species considered are UO , Zr0 , Feo, Cao, SiO , and 10 in the
2 2 2 23

oxide layer and Fe, Zr, Cr, and til in the cetal layer. The caterial properties
of each species are used to find a numerically averaged property for each layer.

.

The assumed temperature profile in the telt is shown in Figure 16. The

interior of layer 1 is at a uniform temperature T , and the interior of
-

layer 2 is at a uniform temperature T . There is a uniform gradient from T
2

to the surface terperature T and to the interface terperature T acrossg 2
the boundary of thickness S . There is a uniform gradient frc= T to they 2
interface temperature T and to the terperature T * '* * *2 2C'
concrete interface. The boundary gradients are net necessarily equal.

The thickness of the boundary layer is assured to grew at a r'.te

d6 0.72a
1

Y* 6
i

where a is the thermal diffusivity. "his allows tha boundary layer to
grow at a reasonable rate when the caterial is frozen. Ecwever, when the
layer is molten, various constraints always govern, so that the thickness
is more appropriate for a gas driven circulation cell.

The melt / concrete interface is cchematically depicted in Figure 17.

An esticate of the temperature en the concrete side of the interface is
given by

2K6hT/R +IK 6 h /R + K K /R ,g7,

,., i_ meic e \cmi e em 1 c

K 6 h /R + K 6 h /R +KK/Rmci c eni n cm i

The trial temperature, T , is cc= pared with the decompositien temperature of
Ca(OH)2' TDC, and the temperature for vapcrizing free water, T . The actualg
temperature is set as follows:

T TT. =T Tic < T.4le ic

ic " W W< ic < DC

,
.-,

I "' *T - " '

*DC ('DC < '*icic

J
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The temperature Tg, on the melt side of tr y decomposing interface,
is calculated by

*

FKT +Rh6T
*U " II"I.

T =

RK +Rh6mm iem

where

K a thertal conductivity of reltn

T = temperature of telt

h = interface heat transfer coefficient

6 = thickness of thermal boundary layer in telt

R and R are radii as shown in Figure 16.

The rate of recession, i is

o
R 6 h (T -T ic) - R"k (T -T )ei im ee ic c.

x= ,

o R7q,,D e .6,v _

vhere

6 = " thermal renetration dis'.ance" in the concretec

T = initial temperature of the concrete
C

q = heat of decc= position of the concrete
CD

p = density of ccncrete

and other symbols are explained in the previous equation.

*

If T =T e re ess n ra e rep esents the rate at which theg CD,

decenposition front moves into the concrete. If T = T,, decomposition isg g
~

not taking place, and x is the velocity with which the water vaporization
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front is moving into the concrete. If T < T , there is no surface 2 ecessiong
or water evaporation and this computation is bypassed. *

The vaporization of free water does nc' indicate decc=pocitien of the -

concrete. However it is assured that dissociam en of the calcium hydroxide
vill cru=ble the matrix. Even if the remaining constituents do not melt or
dissociate, they vill be absorbed into the relt. The dissociation

te=perature of calcium hydroxide is lever than the dissociation temperature
of calcite or the telting point of silica; therefore, it is only necessary
to determine whetb'r the calcium hydroxide vill dissociate to determine
whether decc= position occurs. If the terperature T

CACO 3interface temperature, calcite vill also be decomposed in the in+erface.
If the relting point of silica is less than T , silica v;11 be telted
in the interface. It is assumed that alumina can be released but not telted
before incorporation into the melt.

In reality the oxidic constituents of concrete deco = position are rutually
doluble. It would be more realistic to consider a liquid solution leaving the
interface. Unfortunately, the problem of determining the telt terperature
and properties introduces excessive complication.

Because of the probable complexity of taterial flow paths, some
simplifications have been required. The following arbitrary rules are applied:

(a) All oxides are prc ptly transmitted directly to the oxide layer.
(b) All retals are promptly transmitted directly to the metal layer.
(c) Gases entering a layer leave the layer in the same time step.
(d) Gases released at a vertical interface flow directly to the

atmosphere, without transitting the telt.

(e Gases released at a nonvertical interface flow through the molten
telt layers.

(f) Gases bypass frozen layers.

(g) Cases bypass any layer if at least 5 cm of the layer boundary is
,

below the freezing .e perature of the layer.

.

f

,
.
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A continuous check is made en the relative average densities of the

metal and oxide layers, and the tore dense layer is always considered to te

underneath.

The reactions ccnsidered in the core telt are
,

Fe + H O + Feo + H
2 2

Fe + CO + Feo + CO
2

[~ Zr + 2H O + Zr0 + 2H
2 2 2

Zr + 2Fe0 + Zr0 + 2Fe
2

The first three reactions are assumed to be limit ed by the mass of gases
available, i.e. , that all of the CO and H O are reacted. This assumption is

2 2
based on the experimentally observed fact that, vben concrete is attacked by
a few centiteters of molten steel, the gases appear to react completely.
It is assured that the reactions can be rate-linited if the nass rate-of-flow
is large or the residence time is short.

The fourth reaction listed should be very rapid, provided that both
reactants (Feo and Zr) are in intimate contact. However, the reaction vill
be limited by the rate at which circulaticn brings the reactants together
at the retal/ oxide interface. The rate of this reaction could have been made
a functicn of gas flow, because the gases are the pritary techanism for cir-
culation in the celt. However, this is believed to be an unn'cessary
complit- t.icn; the effect desired is sitply that the retallic zirecnium be

rapidly depleted. As a compronise, it is assu.ed that this reacticn ould

proceed with a time constant of 300 seconds.

The interface heat transfer coefficients have been chosen to tatch, as
nearly as possible, the retal and oxide cooling curves and total recession
in test LSL-1. The 'sundary layer thickness?s have been chosen to allow

oxide and tetal temperatures to differ by a few hundred degrees when both
. caterials are molten, as has been experimentally observed.

[ !) dp,



1.3.3 General Discussion

.

The model presented is to some extent based on conjecture. It is believed that
the assumptions are reasonable, but certainly there is no proof of completeness or
accuracy. It is also believed little can be done to improve these conditiens

,

until tore experimental < idence is received. It is heartening to note, however,
that the most realistic experiments can be reasonably well simulated.

Because of the number of assumptions and estimates, it should not be
supposed that the model can " predict" such critical variables as the tire of
containment telt-through. The model can best be utilized to determine the
general effect of changing parameters on the outcome of the teltdown process.
For example, the effect of changing concrete composition en the gases evolved can

be estimated, but one should not suppose that the codel vil.. accurately predict the
tice of containment overpressure failure for any specific set of circumstances.
The model could be a useful tool in a sensitivity study to explore the importance
of various parameters.

.

.

,. U i

50



2. Steam Explosien Phenomena
.

(L. S. Nelson and L. D. Buxton)
.

2.1 Summary

A sutrary of the primary accomplishments during this quarter is given
telow:

(a) Several improvements to the steam explosion trigrering experincnt
apparatus have greatly increased the experimental capability. These

improvements include the installation of a greater capacity power
supply to allcw larger melt fractions, some modifications to the

interaction chamber which improve its performance, and the augmentation
of the flash x-ray apparatus to provide three separate images instead of
the previous single image per experiment.

(b) Characterizatis7 of bridgewire-generated pressure transients was
continued with 22 experiments. The nature of the bridgewire pulses
and their propagati 'n through the water-filled chamber have been

studied.

(c) Gas analyses have beet performed on two lots of stainless steel, before
and after celting, in different atmospheres, and with and without

flooding with water.

(d) Eleven tests to explore the effect of the pressure transient genera'ing
techniques on a non-interacting liquid retal have been perforced in a
simulated charber in which mercury globules were exposed to detonator

and bridgewire-generated pulses while submerged in water. Flash x-ray
imaging and high-speed photography have indicated that normally the
bridgewire-generated pulses produce only modest deformations of the

tercury globules. The detonater generated pulses produced rete tercury
fragmentation; Pcwever, the observed f agnentation was milder than most

which have beer encountered when a high-temperature telt interacting
with water is exposed to a detenator or bridgewire-generated pulse.

(e) Twelve experinents have been performed with the new power supply in
which arc-relted stainless steel samples have been flcoded with water
and exposed to pressure transients. Some fragnentation occurred but,

; , , "

#r oi_
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no return pressurizations were detected except for one experiment where
a detcnator was used for the pressure transient.

(f) In four experiments, camples of a "retallic" Corium-E simulant were
.

celted with the new power Lupply. Because culti-phase liquids and
.

solids were forced, no floodings were attempted. Scre electrcn
microprote studies have been carried out en the solidified materials.

(g) Eight srttples of an " oxidic" Corium-E situlant have been telted with
the new power supply, seven of which were flooded with water and cne
which was frozen in argon. When applied pulses were used, extensive
fragnentaticn occurred and pressure pulses with tagnitudes of at least
T bars were generated by the interaction. Electrcn microprobe studies
were perforted en the sample solidified in argon.

2.2 Experimental Apparatus

Experimental techniques improved significantly this quarter, rainly due to
the installation of the new are power supply. This unit, a controlled current
!311er Type CR-1000-Al power supply, emplcys a saturabie core reactor which has
been arranged for Variac centroL The typical cu: rent drawn from the unit in a
triFgering experiment in 203 A at 60 7. Ccnsequently, tnis unit provides roughly
a four-fold improvetent in power ever the controlled potential Miller Type CP-3
power supply which typically delivered 100 A at 31 V. With the new power supply
it is pcssible to prepare larger arounts of telt with shcrter telting times;
it is also possible to centrol the power during the are telting procedure.

Ecce modifications to the interaction chrieber have also improved cur
experimental capabilities. These include:

(a) Moving the flushing gas inlet fret the top of the inner charter to
the base to allev upward, ene -directional flushing of the are telting
gases;

(b) The use of sprayed alumina arc-electrode insulaticn instead of the
fragile ceratic sleeves which were used previously; and

(c) Belocating the sleeve retraction springs from within the arc-chamber
into extended cylindrical housings above the arc-chamber to prevent

.

thermal failure of the springs.
.

f, "

L. t'
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2.3 Inst. atentation and Diagnostics

2.3.1 Pressure Transient Characterization
.

This work is a centinuation of the bridgevire generated pressure transient
. teasurements started in the previous quarter. Twenty-two characterizaticn

experiments were perferred this quarter in which bridgevires subnerged in 1.5 liters
of water were fired in the interacti0n charber (sleeve retracted, no telt
on the hearth). Various capacitor charging voltages up to 3 kV vere used to
fire the bridgevires. Scre tapping of the pressure pulse intensity within the
water phase was carried out through use of transducers placed as in actual
triggering experitents. It was found that, under apparently ident! cal conditicns,
both the tagnitude of the generated transient and the shape of the transient will
vary screwhat from experiment to experiment. Also, the bridgevire produced
pulses, as reasured by an additicnal transducer in the water just above the
hearth, were found to be tens of tars in amplitude and 25 to 50 microseccnds

vida in these experiments. Figure 16 shows a plot of the peak pressures seen by
this additional transducer versus capacitor charging toltage. Care should be
taken in extrapolating these data to the actual triggering experiments since
two-phase effects will te present in the triggering experiments.

2.3.2 Three-flash X-ray Itaring

During this quarter, two flash x-ray pulser units were added to the system
which had been in use previously. This ccepletes the desired layout shown
originally in Figure 2.2.2 of CAND75-0362. This final array censists of three

300 kev pul3ers spaced L5 degrees apart in the horizental plane. This permits
the recording of three 90-nanosecond exposure tire x-ray images with each
exposure at essentially any desired tire delay. It should be noted that because
of the large size of the pulsers it is not possible to take the three images

.

superimposable.

In the steam explosion triggering experiments, the flash x-ray units have
teen discharged at delay intervals reasured frce the firing of the bridgevire or
detonator. Two delay patterns has c been used. cne with pulsers 1, 2 and 3,

delayed 2, 5, and 20 tilliseconds, respectively, and the other with these pulsers
delayed 2, 3.5, and 5 milliseconds. The new flash x-ray capability has provided
excellent sequential imaging and time repeatability.

-,,

-
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2.3.3 Mercury Motica Tests

- A series of tests nas been performed to deternine whether the flooded telts

which are expoa rd to detonator and bridgevire generated pulses are physically
torn apart by the direct action of the pressure pulses or whether the fragmentation.

is a result of the telt-water interaction. A tockup vessel was made from the

botton portion of an aluminu= pressure cooker with dimensicns essentially

identical to those of the interaction cha:ber. The top of the vessel was

covered with 1/2-inch thick transparent poly = ethyl-tethacrylate slab, through
which a bridgevire or detonator and three pressure transducers were counted.

An unused, spare copper hearth was positioned at the center of the rockup vessel
and 35 g of instrument grade mercury was placed in the depression in the hearth
to produce a globule with the same volume as a 20-g globule of tolten stainless

steel. The co=ponents were each placed to situlate their actual positions in the

interaction chatter in a triggering experiment . After filling with water, the

mockup vessel was placed on the verk stand in the exact position that the inter-
action charter normally occupies in order to permit three-pulse flash x-ray
imaging as in the triggering experitents. The Hyrar camera was counted above

the vessel and pointed downward through the transparent cover to record any
motion.

Eleven experiments with mercury were perforted, one with a submerged
detonator and ten with submerged bridgevires. In the experiment with the
detenator, the growth of a large bubble in the water around the detenator

site was readily observed in the high speed film. The gas bubble actually
extended past the center of the hearth at its maxicum size. The flash x-ray
images showed coarsely fragmented mercury shortly after the detonator was
fired.

In the bridgevire experiments, tuch smaller bubbles which collapsed
prior to reaching the hearth were formed in the water and only a gentle
undulation of the mercury could normally be detected. In the one exceptional
tridgevire experiment, what appeared to be the blowing out of a tercury bubble

, and a stall arount of coarse fragmentation were observed. In that expericent
there was a stall tutble of air, less than one nillimeter in dia=eter, inadvert-

.
ently trapped at the cercury-vater interface prior to the interaction. However,
in another experiment in which a small bubble of air was deliberately introduced
at the cercury-vater interface, only mild undulation could be seen.

7 [. ,.c'./ i 55



It is assumed that the action viewed in these experitents is very similiar to
that which occurs in the actual test chamber. Thus, it has been concluded that the
rechanical action of the nearby bridgevire discharge does not seriously disrupt

.

the liquid retal on the hearth and that the direct action c f the detonator
.produces essentially only coarse fragmentation.

2.3.h Gas Analyses of Etainless Steel

Type 30k stainless steel obtained frcm two different lots of original tetal
was analyzed for nitrogen, oxygen and hydrogen content by standard Leco fusion
and gas analysis techniques. Eight samples were analyzed: two controls which
were taken frc: Lots 1 and 2 without relting, and six sarples which had been telted
in various at=cepheres. Two of the telted samples had also been flooded with
water. A sutrary of the experimental results is shown in Table VIII. For

comparison, the gas analysis of a sample of high quality iron which was obtained
from Candia's ferrous matal telting laboratory is also shown in Table VIII.

The nitrogen content of these stainless steels is relatively high, consistent
with the retallurgical practice of ni'riting the retal to enhance hardness. The
oxygen centent is not unusual for ferrous metals. The hydrogen content is
relatively lov, but apparently increases upon telting in our apparatus.

2.3.5 Melting Studies of Corium-E Sinulants

The term "Corium" has been coined to denote the raterial which could form
in the event of a core telt accident in a typical light water reactor. Peehs
has tabulated the ec= positions for Corium-A and Corium-E, the core meltdown

raterial to be expected early and late in the accident, respectively, in terms
of weight percent of stainless steel structural retal, zircalloy cladding, and
uranium dioxide fuel.

During this quarter, verk has been done with two different Corium-E
simulant raterials of simplified four-component (U-Zr-Fe-0) composition. These
simulants are expected to behave much as "real" Corium-E vhich vill have at "

least seven ec=ponents (U-Zr-Fe-Cr-Ni-Sn-0-?), neglecting fission products.
The co= position of these simulants is given in Table IX. Since one is prepared '

fro = costly retallic components , it is called the "retallic" Corium-E sirulant, .-,

[l]
'
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. .

TABLE '/III .

Gac Analyces of !'etals Used in this Work

Oxygen 'litrogen Hycrogen
Material Exot. 'J o . (ppm /wt) (pyn/wt) (ppm /wt) 3 reple Preraration

Otainless Cteel Control Lot 1 7115 2L1 5 2.3222L Centrol, \" rod, Lot #1, ac received.
(Type 30k)

9-71-18 23210 2L811 9.3 Argen, bottom inlet, c1cw cooling, old
power supply.

9-72-1 16925 2362L 8.1 Arecn/ water vapor, botten inlet, 31cv
cooling, old power cupply.

9-72-2 18915 2L9 7 9.3 .rcon, top inlet, slow cooling, old
'

power supply.

Control Lot 2 L9 3 160!1 1.73 0.10 control, \' rod, Lot #2, as received.

9-73-2 19 L 15L 2 1.9 Argon, top inlet, clow cool, new power
's

cupply.

r,
9-73-1 28 2 180 1 2.1 Argen. top inlet, flooded, old power

cupply. (I;otebook cays from Lot #1)
N
'~J 9-81-2 19 12 136 1 2.8 Arcon, botton inlet, flooded, new pcwerC;

cupply.

Iron 9-90-1 180!33 IL 1 L.22 :0.25

u,
N



TABLE IX.

Curtary of Coritt:-E Si=ulant Ccepositions
Used in thiu Work -

~
.

"!TALLIC" CCRIL"'-E#

Fe 55 v/o

U0 35 v/o3g

Zr 10 v/o

"0XIDIC" CORIt% E"

Fe 0 1 "!23

U0 28 w/o38

Zr0 1l "/2

"Ato= Ratios of Metals are Held Ccnstant.

J|
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while the other, made up completely from oxides, is called the " oxidic" simulant.
In both cases, the sa:ples were prepared by cold pressing the appropriate powder

- mixtures.

The " metallic" Coriu=-E simulant was quite difficult to telt even with the.

new power supply. On partial telting, the caterial quickly separated into at

least a two-phase mixture, one phase teing te+allic with a lov emissivity and

the other phase being non-tetallic with a high emissivity.

The sample" seemed to retain a non-metallic layer at the top which

apparently volatized to form concave pits just below the electrodes. The

original pellet shape was partially deforced but basically intact. Sessile

drops were not achieved. After solidification, the samples were magnetic.

Photographs of one sample (9-7k-3) are shown in Figure 19 toth as cooled
and after crcss sectioning. This particular sample was prepared from two
stacked pellets of pressed powders. A photograph of a core typic 91 sample of
" met allic" Corium-E simulant (9-7L-2) prepared from a single pellet of pressed
povders is shown in Figure 20-a. Figure 20-b is a photograph of that same sarple

after it was cut in half. The stria * ions are saving carks. Figure 20-c is a 1cv

magnificaticn photograph of one of the sarple halves which has teen pottt in
en epoxy composition and polished in preparation for electron microprobe studies.
Figure 20-d is a schematic of the polished piece used to indicate areas of
importance in the following discussion.

Figure 20-e is a relatively high magnificatien (200X) optical photcgraph of
area 2. As evident in Figure T.0-e, there is an cbvious change in porosity in that
area with the low porosity portion being representative of area 1 and the high
porosity portien being representative of aren 5 Apparently, the 1cv porosity

raterial in area 1 is a well telted and mixed pcrtion which flowed there from

the original confines of the pellet. Note that the line denoted by 6 in
Figure 20-d is the original (but tilted) pellet edge.

Figure 21 is a set of electron microprobe innges taken in area 1 at a
.

ngnification of 500X. The upper photograph is from the scanning electron
microscope code while the lower photographs are fer the same spot in the
elemental scanning mode. As shewn in Figure 21-a, there is no evidence of
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significant porposity in area 1. The atcric scans in Figures 21-b, -c, -d, and -e

- indicate the ircn is fairly horogeneously distributed thrcughout area 1 although
there is scre depleticn cf the ircn in reg cns rich in U and Zr. The U and Zr sece

. to te rresent tcgether in a we ing network as if they were combined in the same

crystalline structure. The cxygen seems to be fairly heregeneously distributed

in area 1 of the sarple.

Ferhaps not entirely obvious in the reproduced photograph in Figure 21-a, but
certainly evident in the original ecanning electrcn micrograph, is the fact t"at
three distinctly different coloratiens are present. The vebbing is ccrpcsed of
both a white p rtion and a light grey portion while the interstices in tre webbing
are filled with dark grey appearing taterial. This basic coloration schere is

true for all of the ricroprebe photcgraphs to be discussed. In each case the

jjjg| vhite cortien is rich in U and deficient in Fe and Zr. The light grey pertien is

}|| rich in Zr, contains scre U, but is deficient in Fe. The dark grey area is
--
----

rich in Fe and deficient in both Zr and U.

Figure 22 is a set of microprebe images taken in the interface aren 2 of the
sample. When orienting these images with the schematic in Figure 20-d, cne should
rentally rotate these photographs ninety degrees counterclockwise. It is then

cbvious the dark spots in Figure 22-a represent the pores seen in the optical
photograph in Figrre 20-e. By comparison with Figure 21, it is also seen that the

sarple structure is more heterogenecus in the bulk of the sarple than in area 1,
the protuberance. The elerental microprcte scans further indicate that in area 2

the oxygen is predcrinately with the U, there has been lictle cctbination of

Zr and U on the microscopic scale and even less c crtinaticn of Fe and U. Other

microp"obe scans perferred in area 5 indicate very similar structure to that seer
in Figure 22.

Figure 23 is a set cf tieroprobe images taken in area 3 of the carple.
This rate.ial was referred to earlier as being non-metallic. It is also thought
of as a slag. As seen in Figure 23, this area contains virtually no Fe and
basically censists of a very herogeneous mixture of U, Zr, and 0 which is quite

,

different from the structure of the bulk of the sarple.

.
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The telting situation was markedly different with the " oxidic" Corium-E
simulant. In argon, the samples telted easily to what seemed visually to be a .

well-tehaved, low viscosity, one-phase liquid at temperatures of 1875-2075 K
(optical pyroneter results, assuming an erittance of 1.0 at 0.8 micrometers).
Vaporization was not a serious problem. The material froze in argon to form a
globule with a smooth black surface. The solidified sample wLs apparently highly
stressed and easily cracked or shattered at room temperature. Figure 2h-a
is a photograph of such a globule of the " oxidic" raterial which h-u frozen

in argon and cracked into four large pieces during the freezing process. It is

seen to have a fairly large central void and several enaller cavities. The
material is magnetic.

One piece cf this frozen " oxidic" sample was polished and subjected to

electron tieroprobe analysis. Figure 2L-b is a low tagnification photograph of
the potted and polished piece. The round and oval appearing areas are stall
cavities which sere filled with epoxy during potting.

'

Figure 25 is a set of nicroprobe images taken in the triangular area in
,

the lower left ccrner of the piece shown in Figure 2L-b. The scanning electron

micrograph and elemental scans lock similiar to those for the "tetallic" caterial
in Figure 21 but the 0 is not distributed as hcmcgeneously. Also the 0 is
found to be located primarily with the Fe instead of with the U as show:. for
the "netallic" simulant area shown in Figure 22. This behavicr is not
surprising since the starting powder for the " oxidic" raterial was Fe 0 instead

23of Fe.

Figure 26 is a set of images taken in the dark uprer right hand area of the
piece of " oxidic" Corium-E. These images are very interesting because all of the
constitutive elements appear to te fairly hemogeneously distributed except in the
two tree-like structures. These areas are almcst tctally devoid of U and Zr.
Quantitative microprotes indicate the " trees" are Fe O crystals. It is alsog

interesting to note that little, if any, porosity is seen on the small scale even
though large cavities are present in this area of the sample.
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2.L Besults of Triggering Experitents
.

2 k.1 Euttary

.

During this quarter, twelve samples of stainless steel and seven samples of
" oxidic" Corf ut-E simulant were arc-relted with the new power supply and flecded
with water. The results of these experiments are suttariced in Table X, which is

a continuaticn of Table XVIII in SAND 76-C677 and Table I in SA::D77-021L .9

2.L.2 Stainless Steel Exteritents

As shown in Table X, the twelve stainless steel experiments were cetprised
of eleven in which bridgevires were fired as the pressure transient generator
and one in which a d, ,;nator was fired. The experiment with the detonator (9-75-1)
vent secothly and al? instrumentation operated properly. Ccnsiderable coarse
fractentation cecurred in this experitent although, based en the experience with.

the mercury, scre of the breakup may have been caused by the direct acticn of the
detonator tievn tutble. The flash x-ray image of the sample recorded 20 tilliseccnds
after the detenator was fired is chown in Figure 27; a photograph cf the residue
is shown in Figure 28. A tild return pressure pulse with a peak tagnitude of
approxitately L tars was recorde. in the water 0.9 tilliseconds after the
detonator was fired.

The stainless steel triggering experitents perferred with tridgevires were
plagued by sleeve release calfunctioning due to the increased Fer 'rg with the
new power supply. Since the springs were actually within the are telling chamber
during the experiments, they were exposed to high heat fluxes end ccns equently
often fatigued prior to the time at which sleeve rise was to occur. As discussed
earlier, this proble has ncv been resolved.

There were, hcvever, four successful experiments in which considerable
fragment aticn occurred (9-78-1, 9-78-2, 9-80-1 an' 9-c2-2 ) . The first two were
perfurred with argon-vater rapor telting attespheres and the latter two with

-

nominally pure argon telting aticspheres. An example of the ccarse fragmentatien
of the stainless steel samples seen in the bridgevire triggering experiments is
shown in the rhetegraph in Figure 29 (9-60-1) and in the flash x-ray images in
Fi gure 30. These cultiple flash images were taken at 2, L, and 20 tilliseconds

-
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Figure 27. Flash x-ray image of molten stainless steel ss.nple which has
been flooded with water and subjected to a detonator pulse
= 1 second afterward. Flash x-ray image was recorded 20 tilli-
seconds after the detonator fired. Rectangular image below the
sample is the copper hearth, which is 5.8 cm across. Image at
left is detonator. Three pointed rods above are electrodes.
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after bridgewire firing. The fragmentation of stainless steel occurred only in
the presence of the pressure transient applied through the water; without it the *

's=ple would te neither deforced nor fragmented. There w as no fragmentation
when the bridgewire was fired in the cover gas above tho water (9-82-1). In none *

of the bridgewire triggering experitents with stainless steel was there any
detectable return pressurizaticn following the fragrentation of the sarple.

2.k.3 Triggering Experiments with Corium-E Simulants

Because of the difficulty of obtaining homogeneous, fluid melt. no floodirc 3
were attempted with the " metallic" Corium-E simulant this quarter. Sev n flocu_ng
experiments with " oxidic" Corium-E simulant were perforned. As control experiments,
two samples which weighed approximately 15 g each (9-92-1 and 9-9h-1) were telted

and flooded with cold water without applying a pressure pulse. These ,amples were
retrieved as smooth globules, not unlike the one obtained from slow .rerzing in
argon. There was evidence of void formation within the sample for those flooded
as well as for the one frozen in argon. Fi gure 31 centains two photographs of
pie _es of sample 9-92-1 which was found to be cracked after the ex;eriment,
probably from thermal stress. Figure 31a is a pho'ograph of approximately half
the sample which clearly shows a large central cavity. Figure 31b shows at a
higher magnification some smaller bubble-like voids fc md primarily on the underside
of the " roof" of the large cavity.

A series of five experiments was performed where samples of the " oxidic"
Corium simulant approximately 15 g in weight were flooded with cold water and
exposed to pressure transients produced by firing bridgewires at 3 kV teneath the
water = 0.h seconds after sleeve release (9-91-1, 9-92-2, 9-93-1, 9-95-1, 9-96-1) .
In four of the five experiments, extensive fragmentation occurred, there was a
distinct " thud" audible during the interaction, and a heavy ccncentration of

'

black caterial remainea suspended in the water after the experiment. In the
fifth experiment (9-93-1) there was hardly any interaction. After examinaticn
of the pyrometer trace and viewing the film, it was concluded that the arcs had
extinguished prematurely, allowing the sarple to freeze before flooding.
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Figure 31. Sa=ple of "exidic" Corium-E siculant v1.ich, while molten,
had been flooded with water. No pres sure transient was applied.
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For experiments 9-92-2, 9-95-1, and 9-96-1, transducer records indicated
,

pulses of 7, 2.7, and 7 bars peak pressure returned after delay times of approxi-

tately 2.5,1.0, and 3.5 tilliseconds , respectively, from tridgevire firing.
.

In experiment 9-91-1 there was no detector for return pulses operating but the

high-speed movie indicated an explosion at a delay tire of k tilliseconds.
Figure 32 is a reproduction of a dual oscilloscope trace from experiment 9-96-1.
The top trace shows the pulse seen by a transducer in the water near the chanber

vall. As mentioned, the peak tagnitude corresponds to a pressure of approximately

7 bars at 3.5 tilliseconds after tridgevire firing. The risetire is on the

order of 100 ticroseconds and the duration of the positive portion cf he pulse

is approxicately 1 tilliseccnd. A broad, small magnitude tensile pulse is seen to

follev the compressive pulse. The bottom trace is from a transducer in the cover

gas. The scope sensitivity is a factor of four larger for that trace and a dcyn-

vard deflection indicates a pressure increase. A broad compressive pulse is seen

which is only about a quarter of an at=csphere in tagnitude. This compressive

pulee is also followed by a broad tensile pulse of 1cv tagnitude.

In Figure 33 the detris which resulted from experiment 9-95-1 is shown. The

largest particles are few in nutter and no more than a tillimeter in diameter.

The enallest particles, which are seen covering the filter paper, have disteters 3
of a few tens of micrcnc at test. Particle size analysis of the debris is underway.

Figure 34 shows reproductions of the flash x-ray images taken during the generation
of the debris. The images were recorded 2, 3.5, and 5 nilliseccnds after the

aplication of the pressure transient to the water. The pointed rods are the arc

electrodes. The discs in the background are the pressure transducers. The

interesting streamer-like rature of the sample images should te noted. It should

also be noted that all three innEes were recorded after the return pressure peak

produced by the interaction had occurred.

2.h.L Discussion and Analysis of Trirrerine Fxrerinents

The stainless steel triggering experitents performed this quarter using the
*

new current centrolled power supply yielded sotevhat different results than those

stainless steel experinents perforted with the old, lover power, potential controlled

rover supply used previously. The latest experiments using bridgevires fer pressure
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Pressure-Time Record of

" Oxidic" Corium-E Simulant / Water Interaction

i i e
i : i i | 4 I Ig

x. .- ~ - . . . , ,.......z . ..

.3. 4.,. 1,

L.. . " ' ~*
' -Peak ap . '

.

.. .
. . .

, .,

0. 7 MPA f 'n -
' ' ' ' '

Water,

3.07 MPAf '

. . .. - *. . .

_

Cover Gas
~ '

'

. . - .- 4 , . , y *
'

'' ^

.

I t t i i I I I I
i , i

k 2 msec / div
2'

Pressure Transient.

Applied Here 9-96-1

Figure 32. Prescure-time history of an experiment in which a rtiten sarple of
"cxidic" Corium-E simulant was flooded with water anJ subjected to

a pressure transient generated by an exploding wire. The pressure.

transient was applied 0.h0 seconds after flooding was initiated.
Upper trace was recorded in the water; lever trace in the cover gas.
Folarity is inverted in lover trace.
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transient generation exhibited considerably mere fragmentation than the earlier
bridgevire experiments with the ola power supply. In fact, the arount of *

stainless steel fragmentation observed in the latest bridgevire experiments is
comparable to that obtained in the mini-detonator triggering experiments with -

O
the ol pcVer supply.' The single experiment performed with the new power rupply
using a mini-detonator as the pr asure transient generator was noted earlier (in
Section 2.h.2) to have generated a return pressure pulse s~ roxitately h bars in
tagnitude. The debris from that experiment, however, was qualitatively about
the same as that obtained in the bricgevire triggering exp- itents which did not
yield interaction generatcd pressure pulses.

A possible explanation for the increased fragmentation observed after
ch: nging the arc telter power supply is based on the pressure transient initiated
gas release hypothesis for frag =entatien which was briefly discunsed in the
July-Certenber, 1976 quarterly report. In that hypothesis, one source of

releasable gas is the gases which might already be present in the original sample
in a supersaturated state. If present, these gases will continually diffuse out of
the sample, but the diff;sion rate is extremely low and essentially zero at ambient
room te=perature. As the sample is heated, the diffusien rate increases
consi derably but tho degree of cupersaturation decreases as the temperature

rises also. A shorter telting time allows less gas to diffuse out, consequently,
with the new power supply and its accociated shorter melting times, more gas
is available to fragment the sanple.

The serJ es of triggering experiments perfo' ted this quarter with the " oxidic"r

Corium-g simulant has provided very 2nteresting results. As reported in Section
2.~. 3, those "exidic" samples frozen in argen or f1 coded with water but not
subjected to applied transients exhibited smooth outer surfaces (scretimes
cracked) and contained large interior cavities with fairly porous roofs. The
cavities in the ficoded samples seemed to account for 30 to L0 percent of the
total sample volume but cnly 10 to 20 percent of the volute for the sample frozen
in argon.

9

There are at least two possible explanaticns for the formaticn of these large
cavities. One is that the cavities are simply ve.f larEe shrink cavities caused

_

by a huge volume change at the freezing temperature. The cavities in the flooded
samples, at least, seem to be far too large for that as a total explanation.

- '

ijl
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The possibility of spoi.taneous nucleation of a gas inside the sample upon cooling
which inflates the sample and assists the shrink cavity formation is perhaps aa

more likely explanaticn. The porosity of the cavity roof would tend to suppcrt

this argument since it is likely the rcor was originally near a liquid-colid.

interface and the gas nucleation would be cost likely to occur at such an interface.

The gas release aspects would also account for the larger cavities in the flooded

sanples ccmpared to the sample frozen in argon since to e gas would precutably te

released in the sample which has been cooled ccre rapilly.

The behavior of the " oxidic" Corium-E simulant samples flooded with water
and subjected to bridgewire-generated pressure transients was quite different from

the behavior of those which had been flooled without the pressure transients.

As previously rentioned, explosive pressure pulses generated by the interaction

(magnitudes of several bars with risetites of less than a tillisecond) were
recorded at delaf times of up to 3 5 milliseconds after the bridge <ir es fired.

The high-speed motion pictures indicate a two-step interaction and confirm the

delay times reasured by U.e transducers. The films suggest a coarse fragmentatio-

and mixing event roughly coincident with the applied pulse fo31oved by the pressure
producing exp'ccion after a delay. The flash x-ray images show some fragmentation
prior to the explosion but basically the sample appears to be intact and simply
" fuzzy" cn top until the explosion. Even after the explosien the sample fragrents
do not beccre randctly dispersed in the water b i seem to form streamers or streaks

.2.ich exist for at least several til10,econde.

The debris frc= these experiments has not yet been studied extensively, but it

certainly ccntains many spherical partu les which would suggest fragnentation of the

sample while it was colten. There sect to be few broken shells to suggest that the
spheres are hollow. Only a few large pieces retain afterward, indicating that the

fragmentation in the triggered " oxidic" Ccrium-E siculant experiments is essentially
total, unlike the stainless steel experiments where a solid bottom " plate" usually

rerainea as well as possible pieces of a covering shell. However, since the

" oxidic" caterial is extremely brittle, a bottom " plate" or a thin frozen layer
could probably have been fragmented by the explosien. Few jagged fragments of

T

significant size are seen, thord . It is also possible that less of the " oxidic"

.
caterial could have frozen prior t . the interaction because of higher supercooling,

carlier applied transients, or 1cw ' thermal conductivity effects.

i'

!,
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Interpretatien of the observed explosions is not at all complete at this time.

As in the stainless steel experitents, a fil toiling situatien exists upcn
.

flooding which prevails until the sarple is frozen unless a pressure transient is

applied. When a transient is applied, the initial cearse fragmentaticn is not
~

unlike that seen for the stainless steel. The same kind of impulse initiated gas

release techanist. could account for the cbserved behavior except, for the "exidic"
Corium-E simulant, the possible gas scurces would include superstoichienetric oxygen.

The explosive event which produces the return pressure pulse is not understood
at this tite. It could be caused by further gas .s ase frag =entatien triggered

by sete naturally occurring pulse or could ha e a totally different explanation
such as superheating of the cold liquid during the delay period. Further
investigation is required to determine +he cause of the expic icn.

25 "olten-Cort ' Water Contact Analysis

There are two new tasks in the fiscal year 1977 steam explosien phenomena
program in a ddition to the continued triggering studies task. One of the new

tasks is to evaluate the range of aalistic ccnditiens of contact between molten

core compcnents and water in hypothetical light water reactor fuel telt accidents.

This task dces not directly involve the techanics of vapor explosiens, but rather
considers the availability of water in the lover head of the reactor vessel as a

functicn of time and the rate at which tolten core caterials drop into the lover
head.

The centact analysis task will basically consist of applicatien and extensien
of the work performed in Appendix VIII of the Peactor Cafety Study en the thermal

hydraulics of the ccre telting sequence. The tool used in that work was the E0IL
code, developed by personnel of the Eattelle Colu=tus Laboratory. Ccnsequently, the
first step in the contact analysis was to import E0IL frc Battle. During the
checkout of the code at Sandia, several programming errors were discovered.
These errors were discussed with Ecger Wootec of Eattelle and correction of then
resulted in the 30IL1 code. The errors were apparently not present when the
Peactor Cafety Study was performed tut, in fact, were generated during a code '

rewrite before releasing it to the Argenne code center.
.

T
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The tacic models e= ployed in the BOIL 1 code were also checked this quarter
for suitability and applicability to the problems of interest. ine rodels were

d

all found to be adequate for the initial calculaticns but not necessarily suitable
for advanced studies. Final determination of the suitability of these simple

.

codels vill te reserved until the initial calculatiens are performed.

2.6 Steam Explosien Scaling Studies

The cecond new task in the fiscal year 1977 steam explosion phenomena
program ic to plan an experimental and analytical program to investigate the
effectc of size scaling on the interacticn of colten core materials and water.
!!o repcrtable work was performed this quarter en that task,

s
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