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of the United States Government. Neither the United States Government
nor any agency thereof, or any of their employees, makes any warranty,
expressed or implied, or assumes any lega! liability or responsibility for
any third party's use. or the results of such use, of any inforriation, ap-
paratus, product or process disclosed in this report, or represents that its
use by such third party would not infringe private!y owned rights.

The views expressed in this report are not necessarily those of the
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1. 11olten Core / Concrete Interactions Study

1.1 Summary

The Xiolten Core / Concrete Interactions Study was begun on July 13, 1975, to provide a
qualitative, extensive exploration of the phenomena associated with contact between molten-core

materials and concrete. The experimental elements of this study are divided into four categories:

Deposition of Corium-type melts onto concretea.

b. l'inetics and stochiometry of the thermal decomposition of concrete

c. llesponse of concrete to high heat fluxes at one surface

d. Simulation experiments w hich explore phenomena at the interface betw een a

melt and a decomposing solid.

1:xperimental results are being incorporated in a computer model and a scaling analysis.

They will establish scaling parameters for the system and identify key elements of the melt / concrete
interaction. \ complete proj"ct description of the study w as issued in October 1975

1)uring the quarter, tests w ere performed as part of the ongoing IlfitN experimental

program. Thes" are small-scale tests intended to develop instrumentation and techniques for the
quantitative study of melt / concrete interactions.

The IllfitN 3 test used induction heating to heat a slug of steel, emplaced in a crucible of

Citillt conc rete, up to its melting point. The test w as similar to IlUllN 2 (reported last quarter)
"xecpt for the use of Citbit instead of limestone concrete and incorporation of more extensive instru-

mentation, rt.ith the concrete and steel began to melt w hen the steel tem;mrature reached about 1400 C.
I:rosion of a concrete proceeded in both downward and radial directions. The downw ard erosion

rate of 3. 7 cm /h.13as ed on thermocouple failure time, is slightly greater than the 3. 2 cm/h ob-

served in holtN 2 for limestone concrete, l{adial erosion rates calculated from posttest cavity
m ea' rements ranged from 4. I to 4. 6 cm/ h. These are ~ 10 to 24% greater than the axial erosion

ate in contrast to the results of test ilUltN 2 where the radial erosion rate was only 703 of the
axial rate,

.

11
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The analytical effort during the quarter concentrated on programming of, and phenomeno-

logical model development for, the improved molten core / concrete interaction code, COltCON.

In addition to the continuing effort on the core / concrete interface heat transfer model, work has
.

hegun on models for the following: gas phase thermochemical equilibrium, concrete ablation and

shape change, transport properties of gas mixtures, viscosity and drnsity of silicate melts,

radiative heat transfer from the molten pool surface to the surroundings, convective heat transfer
.

.' rom the gas mixture above the pool to its surroundmgs, and convective heat transfer from the

periphery of the pool (i. e. at the me It/ interface boundary) to the pool interior. In addition, a

study of the numerical aspects of INI Ell and COltCON was begun for the purpose of identifying the

problem areas in INTElt and suggesting improved numerical techniques for use in COllCON.

1. 2 D.Iten Core / Concrete Interaction Experimental Program (D. A. Powers)

1. 2.1 Status of the llUltN Test Series

The 11UltN tests are a group of small-scale experiments interded to develop instrumentation

and techniques for the quantitative study of melt / concrete interactions. Major issues being ex-

plored in this test series include

e Development of sustained material interactions metFod

e Development of x-ray techniques for real-time monitoring of rnelt concrete
interactions,

e Study of interaction between hot, bt.t not necessarily molten, core debris and

c onc rete.

Two of the llURN tests have baen described earlier. liere descriptior:s of other tests are

presented, and the results of all tests are summarized. Ilesults of the tests have shown the need

for further exp"rimentation, and future tests in the IlUltN series are described.

Crucibles used in the experiments were cut from a 6-in. diam, 12-in. long concrete testing

cylinder, manufactured at the same time other concrete fixtures used in the experimental program

w ere made. Crucible cavities are typically 3-1/ 2 in. in diameter and 6 to 7 in, long. Inst ru m enta-

tion used in the tests has been varted according to the needs of the experiment. In general, test

instrumentation included the thermocouples necessary to monitor the directional nature of concrete

erosion and concrete thermal response.

Tests conducted thus far in the IlUltN series are summarized in Table 1-I. BURN 1 and 2

have been discussed before. Itesults of 11CIIN 0 3, and 4 are described below.

IlUltN 1 was a successful demonstration of an x-ray technique that allows real-time con-

tinuous observation of a high-temperature me!t in contrct with concrete. Melt behavior, gas flow

behavior, and concrete interfacial behavior were readily visible in this test. All of these processes

12
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must be adequately modeled if a compu+.er model to extrapolate experimental results to re.alistic

situations is to be devised.
.

- TABLEl-I

bummary of BURN Tests

Test Conc rete Objective Remarks

BUllN O Limestone Sustain a TilERMITE-generated Wild variation in resistivity

Corium mot at temperature of oxidic phase made control
using .1 ale heating supplied via of the de power supply diffi-

two tungsten electrodes buried in cult. After ~ 30 s, overload

c onc ret e. Also observe inter- occurred and the tast was
action between Corium melt and t e r minat ed,

candidate refractories - W,,B,
lifC, Y O ' " *

2 3 2

BURN 1 Limestone Use x-ray imaging technique to BURN 1 was quite successful.
observe melt / concrete interface Brief results and collateral

in real time. data reported in Reference 2.

BURN 2 Limestone Use inductive heating to warm BURN 2 was quite successful,
steel to near te melting point Data have been reported in

while in contact w?h concrete. Reference 2. Erosion of con-

Test simulated both die inter- crete began at - 1300'C - a

action of fragment debris beds temperature below liquidus of
with concrete and the interaction concrete but well above solidus,

of core melts late in an accident Downward erosion ~ 3 cm/h.
when melt soldification occurs Radial erosion ~ 1. 7 cm/h
and the concrete has been
largely dehydrated.

HURN 3 Generic south- Similar to BURN 2 with a more Result analogous to those of
eastern United refractory concrete and with BURN 2 reported below.
States concrete more extensive instrumentation.

BUltN 4 Generic south- Deposit a TIIERMITE-generated Prompt gas release at the time
eastern United melt into concrete and sustain melt impacted the concrete
States concrete that melt by inductively heating caused the melt to be expelled

metallic phase, from crucible cavity. Ins t ru-

mentation leads from crucible

were destroyed and the test
was terminated.

BURN 1 was. however, a test to demonstrate an experimental technique. Its success has

led to plans for additional tests. Not all the details of these experiments have been resolved.

Three tests are planned and possible descriptions for these x-ray (NR) series tests are shown

in Table 1-II. Sustained melt / concrete interactions tests are not among these possibilities due

to equipment limitations.

on
46/ e
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TABLE l-II

Summary of Planned X-Itay Tests
.

Test Coner g C ruc ible Objective
.

X11-1 Hasaltic I G-in, diam. , 18-in high; ) Determine radial and downward erosion
cavity 8-in diam, 12-in. high. rates. Cavity diameter sufficient to
11elt head to be at least 4 in, include at least 3 nodes predicted by the

gas film model for heat transfer from

melt to concrete. IIave sufficient melt
\ head that gas bubble diameters in the

,' melt are small. 11easure heat flux and
correlate result with observed melt
behavior. Correlate gas behavior ob-
served in the melt with gas composition

XIt-2 Limestone Identical to XII-1. j and flow rates.

Xit-3 Basaltic Spherical cavity of 8-in, diam. Same as X11-1 and X11-2. Als o deter-
mine influence of geometry and melt

head on results.

The other EUllN tests have been attempts to determine what techniques may be used to

sustaia interactions between molten core materials and concrete. To do this requires tl t addi-

tional heat be supplied to the melt. Two techniques for supplying this heat have been tried:

Joule heating - HUltN O

Induction leatmg - BUltN 2, 3, and 4

Induction heating was cle trly successful in heating metallic core materials in contact with con-

c rete. Itapid heating (O. ; to 3*C/s) of cold metal on esncrete could be achieved before the con-

crete adjacent to the met.1 begai to melt, but then the metal temperature stabilized and additional

heat sapplied to the met .1 was conducted away by liquified concrete and at least partially consumed

in melting more concrete. When the meltmg temperature range of the concrete was below the

solidification tempe rature of the metal (BUltN 2), the meta' remained solid. When concrete

melted at temperatures above the liquidus of the metal (as in HUitN 3) a fully developed, two-phase,

molten pool formed.

The inability to superheat the melt may be due to equipment limitations, experimental

design, or the operative physics during melt / concrete interactions. Further tests using inductive

heating will minimize the second of these possibilities and hopefully maximize the use of existing

equipment capabilities. An important milestone in this test program will be reached when ev. peri-

ments with larger crucibles are completed.
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Tests in which the core materials were not melted have yielded very useful information.

The BUllN 2 test demonstrated that core materials need not be molten to erode the concrete or to
.

cause the liberation of substantial volumes of gas. The onset of crosion was shown in BUllN 2

and BUllN 3 to be dependent on the melting properties of the concrete. Crosion of any significance
.

began at temperatures above the solidus temperatue of concrete yet below its liquidus temperature

as determined by differential thermal analysis. These observations will significantly affect model-

ling long-term behavior of melt / concrete interactions and the interaction of fragmented r'~ is

beds with concrete.

Adequate modeling of the processes observed in BUllN 2 and 3 cannot be done at this time

without improved data concerning upward heat fluxes. Data ft om BUltN 3 suggest that the time

variation of this upward heat flux is complex.

I.ittle success has been had in tirst forming a high-temperature melt. thea depositing it

into concrete and sustaining it inductively. nsiderable redesign of the te t arrangement used
t ises liberated duringin BUllN 4 will be necessary if this expe. ime .tal operation is to be useful,

the initial contact betw een the melt and concrete must be vented without being allowed to expel

melt from the heating region of the induction coil. Melt generation within the crucible cavity is

not especially useful since the volume of melt created would be too small for adequate inductive

coupling. Techniques such as those used in the hSS test series may be useful in solving this

problem.

The BURN 0 test was an attempt to use Joule heating to sustain a thermetically generated

Corium n.91t. This test failed because limitations in the experimental equipment did not permit

rapid controi of current flow between the tungsten electrodes used for such heating. Attempts are

now being madc to ove come these equipment limitations. It is likely some combination of induc-

tive and Joule heating raay be a suitable solution.

Joule heating is a subject of some interest since it can be used to mimic internal heat

gen ration in oxidic phases.

Future tests planned in this series are summarized in Table 1-HI. BUltN 5 and 6 will be

similar to BUllN 2 and 3. Instrumentation applied to these tests will include monitors of gas

generation, gas composition, and upward heat flux. The latter is proving to be an essential param-

eter to perform heat balance calculations on the tests.

The BUllN 7 test will have powdered CO nd granular stainless steel interacting with
2

c onc r e t e. Power will be supplied to the system by inductive coupling to the metal phase. Specific

phenomena to be addressed in the test are:

467 206 t*



Crust formation via sintering in CO
2

Core debris stratification
'

UO diss lution in molten concrete
2

Steel oxidation.

As planned, the initial bed will be well mixed. Evidence from other sources indicates that upon
melting the stainless steel stratification will occur.4 As melting of the concrete begins, the core

debris may stratify into a three-layer bed. Ultimately, the debris will evolve into a liquid metal

layer covered by a liquid oxide layer.

TABLE 1-III

Future BURN Series Tests

Test Concrete Objective

BURN 5 Basaltic Similar to BURN 2 and BUR!i 3. Rates of gas evolution as well as
concrete erosion will be monitored throughout the test.

BURNG Generic south- Similar to BURN 5
eastern United
States concrete

BURN 7 Choice based on Interaction of Corium-E composition powder bed with concrete,
results of BURN IIcating supplied by inductively heating metallic phase which will
5 and BURN 6 consist of 100 mesh, Type 304 stainless steel powder. Both

BURN 7 and 8 will follow tests in the CATII series being done for
the Advanced Reactor Safety Branch of the NRC.

BURN 8 Choice based on Sluilar to BURN 7 except additional heat provided by Joule heating
results of BURN of oxidic material in melt.
7

BURN 9, Basaltic and Sustained interaction of TII'.RMITE-generated melt. Inductive
10 limes tone heating techniques will be i sed. Crucible design will be quite

different than in other tests.

The BURN 6 test will be similar to BURN 7 except both inductive heating and Joule heating

will be used. The metal phase will be .aductively heated to about 1000*C. At this point the oxidic

phase will be conductive and may be heated by Joule techniques.

The small size of the crucibles used in the BURN tests may not permit sustaining inter-
actions for periods long enough to allow all pertinent phenomena to fully develop. For this reason
BURN 5 and 10 will use crucibles with cavities 8 in. in diameter and 12 in. long. Melt masses
will be of the order of 30 lb.

h [.16



1. 2. 2 Preliminary Results of Some Tests in the BURN Seri,3

Preliminary results from BURN 0. 3. and 4 are p/esented below.

~

BURN O -- A schematic diagram of + ie crucible and test fixture used for BURN 0 is shown

in Iteference 6. A limestone concrete crucible 6 in, in diameter and 12 in. long with a 3-13/16 in.
- diam. 5-1/4 in deep cavity was used. IIalf-inch diameter holes about 1-1/8 in, long were drilled

in the bottom of this cavity. These holes were filled with 1/2 ie . .am rods of the four refractory

materials:

ZrO2 (Ca0 stabilized) (rod 1. 545 in, long)

YO "* "*

2 3

WB (rod 1.605 in. long)

IlfC (rod 1. G10 in, long)

A photograph of these material samples in place is shown in Figure 1-1 These materials were

being tested for compatibility with high-temperature Corium melt during the test.
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Figure 1-1. Locations of Refractory Specimens in the
BURN 0 Test

On opposite sides of the crucible cavity.1/2 in, diam holes were drilled through the cruci-
ble walls. Tungsten electrodes (< 1/ 2 in, diam) sheathed with SiO tubes with 1-mm-thick walls

2

were cemented in these holes with Saureisen 63 castable refractory. The electrodes were con-

nected to a 300 amp de power supply.

q0B1246~/ t



The crucible was capped with an instrumentation tower sirnilar to, but smaller than, that

used in the NSS test series. No instrumentation was mount d in this tow er, nor was the test

extensively instruntented. The test was an atternpt to demonstrate Joule heating techniques and, ,

somewhat incidentally, the compatibility of refractories with the melt. The initial melt was

generated using 5 kg of the Corium thermitic composition desc ribed else te. Under ideal con- -

ditions the melt wouh! have a composition (wt "".) of 54 CO , 17 7.0 , and 30 stainless steel.

'I he reaction riixture w as ignited with Pyrofuze.

About 13 s after ignition the tungsten electrodes were ener gaed. The el>ctrodes w ere
operated at 10 to 20 i for about 30 s. At that time excessive power demands were placed on the

power supply and the test was terminated.

Postt est x-rays of the crucible are sho; ' in Figures 1-2 and 1-3 From these x-rays, the

following observattors concerning refractory compatibility with the melt may be made:

e Zirconia rod - thern ally f rac tu rm!.

4 Yttria rod was thermally fractured.

* Tungsten bornie rod was chemically attackeJ.

* llafnium car bide ro 1 both thermally fractured and chemically attacked.
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lit:ltN 3 -- This test w as qi ite similar to a test previously desc ribed--IICIt N 2--except

that the crucible was fabricated from the so-called Citillt composition concrete. A steel slug

within the cavity of the crucibl . was heated by an induction coil energized with a 50 kW 3000 liz,*

Inducto 50 power supply. T'.se induction c oil and crucible were packed in dry-ram insulation as

depicted in Figure 1-4. 1)hysical sizes of the experimental fixture are listed in Table 1-[V..
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Figu r" l-4. Schematic of Test Fixture Used in llUltN 3

Tall!,E 1-IV

ITUltN 3 Fixture Dimensions

Crucible length 12 in.

Crucible diameter G in.

Cavity dopth 6-1/ 2 in.
Cavity dia meter 3-1/ 4 in.
Slug length 4-1/ 2 in.
Slug u.ameter 3 in.

Slug w eight 5 kg

Depth of thermocouple w ell in slug 2-1/ 2 in.

Thickness of firrbrick cap on crucible 2-1/ 2 in.

Top of induction coil from top of crucible 2-1/ 2 in.

Ilottom of induction coil from top of crucible 8-1/ 2 in.

Induction fraquency '!000 llz

Concrete type Generic southeastern United
States calcareous

19

467 210



Instrumentation used in the test consisted basically of thermocoup'es embedded in the con-

crete to detect movement of the melt. Incations of these thermocoupleF are aescribed in Table i-v.

.

TABLE l-v
.

Thermocouples Used in BURN 3

Thermocounle Tyne I ocation" Data

STC-1 Hare Type S wires in within slug on aluminum oxide Y es
alumina insulator pedestal (see Figure 1-5)

STC-2 l'latinum-sheathed Mgo In cappmg assembly Yes
insulated types (see Figure 1-6)

STC-3 Bare Type S wires On crucible wall 2 in. No
sheathed in SiO ab ve riginal c vity hottom

2

STC-4 Bare Type S wires On crucible wall 1/4 in. above Yes
s heathed in SiO, original cavity bottom (see Figure 1-7)

j

K'l C - 1 0. 040 in. CD stainless- On crucible wall 4 in. above No
steel-sheathed MgO oricinal cavity bottom

insulated Type K

KTC-2 Same as NTC-1 3 / 4 in, from original cavity No
w all, 4 in. above original

cavity auttom (a)

K TC - 3 Same as KTC-1 On c rucible w all 1 in, above Yes
the original cavity bottom (a) (see Figure 1-8;

KTC-4 Same as KTC-1 1 in. below original cavity Yes
bottom; junction at centerline (see Figure 1-9)

of crucible

KTC-5 Same as KTC -1 1/ 2 in, below or icinal cavity No
bottom; junction at centerline

of crucible

KTC-G Same as KTC-1 1-1/ 2 in, below original No
cavity bottom: Junction at

centerline of c rucible

KTC-7 Same as NTC-1 2 in. below original cavity No
bottom; junction at centerline

of crucible

"All thermocouples at horizontal locations except KTC-1 w hich w as vertically oriented,
b
Wall thermocouples mounted as described in Reference 2.

An attempt w as made to differentially monitor the response of concrete to the heat flux from

the inductively heated steel. A thermocouple located within an aluminum oxide filled. 1/4 in. ID
fused silica tube, mounted 1 in, below t5 ttom of the crucibl3 cavity, was differentially coupled

to a thermocot ole in the concrete. Th( cn.ocouple in the concrete was also 1 in below the

bottom of the crucible cavity in a 0. 083 in. diam hole packed with concrete powder.

20
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Only those thermocouples whose output was recorded after being passed through integrating

digtt:7ers yielded useful data. Those thermocouples were connected directly to recording apparatus
* coupled to the irduction field .nd produced data too noisy to be of use. Good data w ere recorded

from the following thermocouples:

1 Thermocouple in the F 1 slug ( Figure 1-5)

2. Thermocouple in the firebrick cap over the crucible ( Figure 1-6)

3 Thermocouple in a groove on the wall of the crucit>le (Figure 1-7)

4 Thermocouple 1 in, bolow the bottom of the crucible cavity (Figure 1-9)

, _ _ , _ _ , _ _ _ _ , . . _ _ . . _ . _ _ . _ . , , . --- - . _ , _,

. | |' w. ,

/

' ,

/ /
// s

| /.

/ I /1 1.: i > <.
, ,

;pu 4

| ; r~!,

! l

... ,

.. .

/I.
N

l
.___1___a

. . o . o , s., . .. . n .. .3 n .. w si._e4 m.
\ "91 % \
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The steel slug w as heated at a rate of ~ 2cC/s from 30 to about 7CO'C. This corresponds

to an en rgy input rate of about 7. I kW if it is assumed the system w as adiabatic. Once the curie

temporature of the eteel w as exceeded, the heating rate slowed to 0. 35'C /s or an anergy input rate

of 1100 W.

At about 1100'C heating of the steel slowed greatly as both concrete and steel began to melt.

The onset of the melting attack on concrete was taken to be 2300 s after the start of the test.

Posttest inspection of the fixture showed that the steel had completely melted. This result

was expected in view of the very high liquiWis temperature of CHHH concrete (estimated to be

IG00'C). Some of the steel formed a compact disk with a maximum diameter of 5. B in. , a

minimum diameter of 5. U 3 in. , an I w otching 2G13 g. This disk w as found at the bottom of the

c rucible cavits . A sNond piee" of highly distorted steel w as found near the top of the crucible.

It weighed 723 g. The balance of the steel was oxidized or distributed within the oxidic contents
of the c rucible cavity Photographs of the steel pieces are show n in Figures 1-10 and 1-11.

This configuration of the steel could not lead to very good coupling betw een the s teel and

the induction coil. A further detriment to inductive coupling was that, at the conclusion of the

experim . nt, the steel slug was at a level near the bottom of the induction coil.

The very low temperatures reached by the thermocouple in the crucible capping assembly

suggest that this sensor w as r.ot w ell-suited for detectmg upw ard heat fluxes durir.g the experiment.

The device did produce some unusual results. Temperatures were constant up to about 480 s. At

that point the temperature rose sharply to about GO*C. Temperatures rose slowly and not monotoni-

cally to about 100'C durir.g the period of 190 to 2000 s after the start of the test. Data from thermo-

couples "cithin the concrete suggest that this w as the period during which water was being driven ,

from the conc rete. That portion of the water that escaped the concrete and passed through the

capping assen1bly w as probably responsible for heating of the thermocouple, Such a heat transfer

mechanism would account for the vary nanlinear temperature rise of the thermocouple and is
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consistent with the temperatures observed. Cor. dens.ng water on the carping assembly would be

expected to hold the cap temperature low and fairly constant.
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(Sandia negative C78-9405)

.\fter 2000 s the capping thermocouple indicated t fairly linear temperature rise of about

O. l 'C / s.

The thermocouple 1 in, below the original bottom of the crucible cavity showed a tempera-

ture rise to a level of 102*C about 120 s after the start of the test. This level lasted for 250 s.
The temperature rose smoothly again until failure 4950 s after the start of the test. This failure

n o 21d indicate a downward erosion rate of 3. 7 cm / h. This erosion rate is somewhat greater than

the rate of 3. 2 cm/h observed for the erosion of ordinary limestone concrete observed in BURN 2.
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The difference may be attributed to the higher temperatures that molten steel developed in
IlUllN 3.

Thermocouple e .y its from sensors lcr .ed on the walls of the crucible were quite dif-

ferent from that of the thermocouple below the crucible cavity. Temperatures at the locations of '

these sensors rose rapidly to an arrest ag tin at about 102 to 120*L . 450 s after the start of the

test. Temperatures rose no more than 20*C for the next 2000 s, th ?n temperatures increased at

a rate of 2. 5^C/ min up to about 170*C. Then the temperatures rose quite sharply. Neither of the
wall thermocouples failed so that a radial erosion rate could not be calculated.

A possible explanation for the observed behavior of the wall thermocouples: The concrete

walls of the crucible cavity are not in contact with the steel while it is heated. Steam and gases

liberated from the concrete pass through the gap between the steel and the concrete and keep the

walls cool. No such cooling mechamsm is available at the bottom of the crucible cavity which is

in intimate contact with the steel. Once concrete begins to melt, liquid-phase heat transfer from

the steel to the concrete accelerates temperature rises in the wall concrete. The liquid phase
reduces the cooli.ig effect of gases passing upward along the wall. Collapse of the steel prevented

any very large temperature rise in the 1/4-in, wall thermocouple.

Posttest inspection of the test fixture showed there was a frezen slag layer between the

steel and concrete at the bottom of the cavity. Frozen slag layers on the walls of the crucible
cavity w ere 0. 4 to 1. 6 cm thick, as shown in Figure 1-11. Concrete on the walls which had

clearly been affected by the heat, but not melted. was 0. 2 to 0. 5 cm thick. Ihdial erosion rates

calculated from these posttest measurements are 4. I to 4.6 cm/h. These rates are greater than

the observed axial erosion rate of 3.7 cm/h. whereas in BURN 2 the radial erosion rate was only
70% that of the axia' rate.

The fact that the melt so easily migrated in the radial direction is stror:g evidence that

neither the 1.orenz forces produced by the coil nor the water-cooling of the coil I ad strong

influence on the nature of the melt / concrete interaction.

The results of IlUflN 3 are curious indeed and must be verified or refuted. Some modifica-
tions that have been arranged for *.ne - epeat tests include

e Iow-pass filters fo' thermocouples to eliminate induction nois 2

e Heorientation of the induction coil so that axial erosion of concrete does

not move the steel out of the effective heating zone of the coil,

e Improved melt temperature measurements, and

e Capping system that allows gas generation rates to be monitored.
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HUltN 4 - The experimental and instrumental arrangements used in test BUllN 4 were

quite similar to those used for BUllN 3. How ever, the melt to be sustained in BUllN 4 was

,
generated metallothermically in a generator similar to that used in the PLATE test series. A

melt-out plug in the generator allowed the melt to flow into the awaiting concrete crucible. Once

,
in place, the melt was to be sustained by induction coils wrapped around the crucible.

The metallothermic generator was used instead of igniting the metallothermic reaction

within the concrete crucible so that the crucible could 'ie filled with melt. Powder densities of
the reaction constituents are too low to generate sufficient melt in situ. Uruartunately, gas genera-

tion initiated by the melt when it entered the crucible was so great that nearly all the melt was ex-

pelled from the crucible, and it destroyed most of the instrumentation sensors used in the test.
Insufficient melt remained for sustained interaction by induction heating. Consequently, the test

was terminated. A posttest x-ray of the crucible is shown in Figure 1-12.

?.-
4 c. - - .. .

, P-

b ;_ ,

:1

f ~ I' O '
e

o fa' ,
+ .g sTaq

.-<
,

O i5 -

| <

l

:94 << .* ,

- ,

-j~

+,

r

,

<

f

y,

w :::;- ~

_, _ . _ _ _ . .

Figure 1-12. Posttest X-flay of Crucible Used in

BUflN 4

25

467 216



1. 3 Molten Core / Concrete Interaction Analvtical Procram

1. 3.1 Model l>evesonment (J. F. Muir) -

Development of an improved molten core / concrete interaction model, COHCON, continued. ,

1:fforts during the quarter concentrated on computer programming and phenomerological model *}
*development.

In addition to the contmuing investigation of thermal-hydraulic phenomena at the core /

conc rete interface (discussed below), model development efforts w ere initiated to describe many

of the other physical and chemical phenomerv ohich characterize the interaction process. These

include

e Therrnochemical equilibrium of the reacting gas mixture above the molten

pool,

o Concrete ablation and shape chnge of the eroded cavity,

e Transport properties of gas mixture,

e Viscosity and density of the oxide melts,

o Hadiative heat transfer from the pool surface to the surroundings above

the pool,

o Convective heat transfe Irom the gas mixture abos e the pool to the sur-
roundings, and

e Convective heat transfer from the periphery (sides and bottom) of the

molten pool (at th melt / interface tumdary) to the pool interior.

The first two models are hemg developed by ACCH EX/ Aerotherm Corporation under con-
tract to Sandia. Fhe Aerotherm Division of ACUR I:X, under sponsorship of the U.S. Air Force,

has been a major developer of computer models for reentry vehicle heatshield ablation calculations.

Tw o of these, the ',erotherm Chemical Equilibrium (ACE) and ABH ES Shape Change (ASC) codes,

employ techniques that are directly applicable to the model required for COHCON.

The third model is extracted, with some modifications, from the HCA LG code developed

by F, G, Blottner for computing the thermodynamic and transport properties of equilibrium real
3

gas mixtures.' It will he us"d to calculate the mixture dynamic viscosity and frozen thermal con-

ductivity of the gas mixtures present in the core / concrete interface region and above the pool.

Tl.e fourth model listed above is a modified and greatly simplified version of the VISHIIO
o

code developed by D. A. Powers for estimating the viscosity and density of complex silicate melts.'
The viscosity data base for VISHIlO, currently for si'i on dioxide concentrations of between 81 andc

35', is hetrg extrapolated to include SiO e neentrations down to 15%. Other changes will allow
2

extrapolation of the computed melt density and viscosity to melt temperatures outside t eprysent 917
DJ Li*

range of 1200 to 1800*C.
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The remaining three models address phenomena whose complexity is der,ived at least in
part from the fact that the characteristic geometry will in many instances be unknown. As a result.

- these models will employ enough simplifying approxi nations to enable the construction of models

capable of predicting realistte magnitude and trends in the unknown var iables as functions of the

relevant interaction parameters and consist:rnt with the level of approximations employed elsewhere.

in COHCON.

In addition to the phenomenological model development efforts described above, a study of

the numerical aspects of INTI:It an j COHCON has been started for the purpose of identifying

numerical problem areas in INTEll and recommending improved numerical techniques for use in

COltCON.

1. 3. 2 Interface Thermal-livdraulics Study (11. M. Ilulmer and D. O. Ire)

This study includes both analytical and experimental investigations of phenomena occurring

at the core / concrete interface. The objectives are (1) to define the various iaterface flow configu-

rations, the conditions under which they exist, and the necessary transition criteria, (2) to deter-

mine local heat and mass transfer across and along the interface as a function of interface configu-

ration and local geometry material properties, and to determine flow characteristics, and (3) to
p rovido results suitable for inclusion in COltCON.

The analytical studies include a stability analysis covering the items in the first objective
and an mtegral study directed toward the second one. The experimental investigations using simu-

lant materials are designed to furnish information relevant to all of the above objectives and pro-

vide guidance for the analytical studies and verification of the phenomenological models developed.

The current status of the analytical and experimental studies is as follows.

The final design of an apparatus suitable for performing the desired interface stability ex-

perimonts has been completed. It is a tank approximately 6 x 0 x 24 in, deep, in s hich a liquia
pool can be m tintained above a porous plate through which a gas may be injected at controlled

rates. Tho apparatus is designed to provide porous plate inclination angles ranging from 0 to 90

degrees. Optical quality windows are provided for both quantitative and qualitative observations
(visua! and photographie) of the pool / plate interface configurations (e.g., geometries, flow

phenomena, etc). Finally, the tank is designed to allow independent pressurization of the liquid
pool and the gas reservoir beneath the porous plate. The cost of building this apparatus is esti-
mated at $30,000

All experimental work has been suspended in response to a request from the U.S. NRC.

"
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Integral analyses havi bi en perforrned of thi continuous pas /tilm interface expected to

occur around the stdrs of the inolten pool above the point at which gas flow into the pool ceases.

Hesults give the filni thickness and transverse heat transfer coefficient as functions of the gas ~

properties, local surf ice inclination angle, and surface inas s injection distribution. 1:xpressions

for the heat transfer coefficient have been obtain"d for both laniinar and turbulent filrns at inclina- -

tion angles ranging frora about ',0 to 00 deg rees (ve rtical). Analyses of the hori/ontal pseudo filni

boiling configuration that gives rise to Taylor instabilities have been performed by Dhir et al.
and Alsmeyer et al. These have provided an expression for the interface heat transfer coeffi-

cient suitable for application along the bottom of the molten pool. Sin ulant experi.ne:.ts perfornied
at Kernforschungs z entrum Karlsruhe (Kfla, Ka rlst "ie, l', R. Gerrnany, using w ater over dry ice,

suggest that the Taylor instability interface configuration may exist at surface irclination angles up
to 20 to 30 deg/r es. When ( oupled, the e xpre s sions for the s e va rious flow regimes provide a

mool of the core / conc ret e interfac h at and nuss tr ansfer around the entire pe riphery of the
pool.

Current efforts are devoted to various arpects of the integral analysis directed to,vard
s atisfy ing objective number 3 above.

Analyses to date have demonstrated that additional experimental insight and data are re-

quired before the stability behavior can be further analyzed and before the integral analysis can be
con fi rm ed. Sinne this information w as to be obtained from t.he experimmtal portion of the ;tudy,
w hich has now been suspended, furth r stability analyses and heat transfer rnodel verification
efforts are not presently anticipated.
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2. St'am 1;xplosion l'henomena

2.1 Summary.

2.1. I 1:fficiency Scaline Studies
.

Forty field experinmnts, each involving up to 27 kg metallothermic-reaction-generated

mixtures of molten aluminum oxide and iron, have now been p"rformed. 1:xplosions have occurred

in 10 of the 40 experiments. Most of the explosions have occurred spontaneously at seemingly

random delays f rom pour initiation. Both single and multiple explosions have occurred and, when

multiple explosions occur, one is frequently much more energetic than the others. The spontane-

cus triggering mechanism is unknown but is strongly suspected to require ;ontact of the melt with

the interaction v. ssel walls or similar surfaces. C 21 ting the mteraction vessel w alls with lard

has recently been shown to reduce significantly the incidence of spontaneous explosions. 1:xplo-

sions can be artificially initiated using high explosive detonators, even when the tank walls are

coated with lard.

The largest explosion in these tests converted almost 1"', of the melt's thermal energy into

work. That estimate is based on the amount of honeycomb crushed. the height the water was blown

into the air, and the amount of energy expended in plastically deforming the interaction vessel.

Many other exp~riments have produced explosions for which the conversion efficiency was about

O. V or less. In < stimating th' efficiency, the th: rmal energy of the melt is assumed to be
3. I kJ/g.

A limited number of direct pressure measurements and othc r indtreet evidence suggests

that steam pressures between 5 and 10 MI'a lasting several milliseconds are generated darmg the

larger explosions, with n irrow spikes of even higher pressures possible.

The debris generated m the field-scale efficiency experiments looks quite similar to the

debris produced m the laboratory-scale riggering experiments. Sieve analyses on partial samples

of the debris recovered from some of the experiments mdicate that the more efficient explosions
produce the finer particulate.

The efficiency of the explosions seems to increase as the water depth increases. This is

probably caused by a tamping effect (ine:tial confinement). There is an apparcr.t peak in the plot

of explosion efficiency vs the quantity of melt present in the tank at the time of the explosion, but

it is not known at this time if the peak is related to actual experimental conditions or if it merely
reflects the lack of enough data at the higher melt quantities.

Restricting the interaction volume by inserting smaller cylinders in the bottom of the inter-

action vessel has caused no significant change in the explosion efficiency. Based on the data frora
'

fiv. tests involving hot or boiling (saturated) water, it has been conclu1ed that water temperature
do-s not significantly affe et the explosions.
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2.1. 2 Triggering Studies

During this quarter. matrix variable studies wer completed. Exp ?rirents were performed
.

with Corium- A simulants at different levels of oxidation; one ;o bt e xplosion u as obtained w tth

the most oxidic composition. A Corium-E simulant was 9tudied GS a function of water temperature,
and a temperature limit for explosion was identified. The sa: Te Corium-E simulant and molten

Fe O were studied at chamb _r gas pressures of 1.0 AlPa. Explosions were not seen at this2 3

chamber pressure. The effect of water additives on the steam explosion phenomena was studied by

the use of simulated sea w ater and borated water. Both molten Corium-E simula :t and Fe O3*2
ploded with apparently little difference from the interactions produced in deionized water.

Several experiments were performed with an electrochemical-evoleed gaseous oxygen

analyzer to determine the instantaneous composition of the melts at flooding 'ime. The technique

was checked against two alternate analyses; all three methods produced esse itially identical

an alys e s . The evolved gas analytical technique was applied +o two Corium- J and two Fe
2 3

samples. all four of v hich exploded. The debris from the two Fe O * ""**"#"
2 3

by wet chemistry.

The experiments performed this quarter are summarized h. 2-I.

2. 2 Efficiency Scanne Studies (L. D. Buxton and W. B. Benedick)

2.2.t Intro ':ction

The first 22 efficiency scaling experiments using multikilogram melts generated by a
metallotherniic renetion were reported in the three previous quarterly reports. Eighteen

additional experiments of that type are reported here. One of those was performed primarily to
continue the investigation of the effect of high-water te.nperature; it will be discussed in

Section 2. 2. 2 Four more were performed for the purpose of investigating the effect of restrict-
ing the interaction zone; they v:ill be discussed in Section 2. 2. 3 Section 2. 2. 4 will contain the

detsils on two tests for which the intent was to investigate the effect of a highly increased pour

rate. Artificial triggering and/or the use of lard coatings as a spontaneous trigger elimination
method were the primary motivations for the rest of the 18 tests; they will be discussed in
Seetion 2. 2. 5.

The debris recovered from the interaction vessel after 23 of the tests has been subjected
to a limit sieve analysis; the results will be presented in Section 2.2. 6 Pressure histories ob-

tained using lithiur.: niobate transducers immersed in the water during two of the recent tests will
be discussed in Section 2. 2. 7

.

.
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T 5 lt ! 1. 2 -I L or t )

F4 r.j >l e W ater \rP Si e |t Ikl ay l'igh
I;x pe r i m e r,t W eight Te m o" rat u re l'r rs s u re Ten ,w rat u re T r ine r.t Im 1 1.s h N- I

S t a rtir:g M..t e ri 4!
_

(;' ) (El ( 5118.t ' ( F. ) ( ;"to - r it ti t ( ', i \ -It .v l t r >t. s l{ e na rks's

b
( h Jie t'orium - !, 10-10;-l 15.00 i9. 0 0. U 8 I 1941 11 % 0. 2 s i N N1 400 $;r gle fl.t piece. liest e xcbar ge

lat tr g in c h.a rnbe r.

10-104-2 14.95 452.4 0.031 1972 lib U.1 % NM 400| 3,5 f r ag men tat ion. Ileat en t ange

10-105-1 15.00 341. 2 0.083 NM 11 % 0.277 NM 400 \ tv ngin( h a m be r.

10- 35-2 15.01 J 'i6. 4 0.031 194M ItW 0.215 NM 400 Coa rse f rag mentation. Ileat

eu h. ng" tubir,g c ha mber.
'0-106-1 15.06 I m. fi 0.081 1946 It% 0.'106 NM 400 No f ragm entation, lleat exchar.ge

tubing in chamber.

10-106-2 14.96 322.6 1946 11 % 0.314 NM 400 F t rly coars e frag mentation, lleat

exch.ange tutung chamber,
1 0 10-107-1 14.68 29d.6 ;i 1770 11 % 0.176 NM 400 Sin ulated sea water. Very fme3

fr ag m ent a tion.

10-107-2 15.01 297.7 0.033 1755 15 % 0.167 NM 400 Simulated sea water. Etn e
f r ag m entat ion.

10-109-1 14.96 300.4 0.081 21.,5 14 % 0.225 NM 400 llorated w ater. Fragmentation.

10-110-1 15.02 290.6 0.083 NM ltW 0.214 NM 400 llorated water. Fire fragmentation.

Oxidic Corium- FP 10-108-1 14.96 298.4 0.083 1755 15 % 0.205 NM 400 Simulated sea water. Fme
f rag m en t a tion.

10-10'l-2 15.01 295.2 0.083 1872 14 % 0.194 NM 400 Simulated sea water. Fragmentation.

10-111-1 15.04 295. 0.083 NM liW 0.227 NM 400 llorated water. Frag m entation.
10-113-1 14.S3 2'22.0 0.081 NM 11 % 0.191 NM 400 Ilorated water. Fragmentation.

Oxidic Corium- F; 10-115-1 15.00 300.4 0.10 1657 Isw 0.973 NM 400 No f ragmentation

f 10-115-2 15.04 299.1 0.10 NM Ilw 0.940 NM 400 No fragmentation

Fe 0 10-114-1 14.96 305.2 0.10 NM llW 0.939 NM 400 No fragmer.tation.3

f 10-113-2 15.08 291.3 0.033 NM None - NM 400 Oxygen evolution /velght loss test.
No fragmentation.

.
Common to all experiments - Water amount 1. 5 litres

- Melt atmosphere a gon
a
64. 2 at. ". initial oxygen content

12
61. 5 at. % initial oxygen content

5 c 58. 7 at. ". imtul oxygen content
d

q 55. 9 at. ". initial oxygen content

N
N
A

. .



Table 2-!! contains a summary of the test parameters arul results from all 40 tests performed

tims far. Atost of the info: riat"n for the first 22 tests is merely repeated from the previous quar-

terly reports for cornpleteness but an imnortar*. quantity not previously shown is the quantity of
.

m It es tim at ml to In- m the interaction vessel at th" time of the explosion. It is that ''alue w hich is

usmi to estimate the thermal-to-mechanical energy conversion ef ficiencies rather t! (n the totai
.

an:ount of mt it mitially contained in the g en e rat o r. Thts will be discussed further m Section 2. 2. 8

ahere the rnost recent scalmg data will be presented.

2.2.2 M ater T. morrature I:ff-et Test

The TIII:llillT I: 22 experiment, reported laat quarter, did not produce a spontaneous explo-

sinn w hen th~ rnolten tron / alumina mixture w as poured into a full tank of saturated w ater. To test

w hether that result w as reproducible, the- test was repeated this quarter as closely as possiblr. One

mmor d.fference m th. 'etup for the two tests w as that Till:H AlITI: 21 used a slightly taller generator

w hich allow ed a ' irg-r gas >xpansien volume aboce the thermite reachnts. The only other difference

w as th it thi, timo a detonator was hung in the tank inside a piece of plastic tubing, the purpose being
to try t<> trigger an explosion after the pour ended if one had not already occurred spontaneously.
Thes e changes should not influence the results.

The m"It plug did not fail quite as fast in Till:ltilITI: 2/ as m 22, but it did finally fail and
initiate the pour about 29 s after ignition of the thermite reac t ion. .ibout 1. 08 s after the melt plug

failed there was a streng explosion, followed by a smaller explosion at 1. 78 s after plug failure.
Iloth explosions ' ere spontaneous, ines the detonator w as not fired. Almost all of the water was

blown out of the tank to an average height of abaut 3 m. The heaters w ere also blown out.

Th. estimated effici"ncy for Till:HilIT F "I was 0. 21" . which is not excoedirgly large, but
certainly is not abnormally :ow e , compareu * expmioi efficiencies for cold-water4#

tests under otherwise Fimilar conditiCmb. Conseg n d1e conclusion is that the reasons for not
g"tting an s olosion in Tt zt 22 are unknow n, but th"y probably involved a failure to achieve proper
trirgering t mns rather than diminish'd propag iticin behavior due to th saturated water. Fig-

ure 2- 1 suppor that conchsion sinco no trend tonard low er efficiencies is seen for the hot- or
I. oiling-w iter tests compared to the cold-water tats.

2.2.3 h.teractic.n Volum e H est: _ tion Tests

l' rom one point of view, the previousiv reported tests studying the effect o low water 'evels
w ere inte- volume restriction tetts. The four interaction volume restriction tests performed
this quar . a little different, however. They employed ring haffles (pipe sections), tack

webled to the attom of the interaction vessel to simulate usmg smaller tanks and larger length /
diameter ratio tanks. Two different sized baffles w ere '.ceJ for the four tests; one was 460 r^m in

diameter by 460 rim tall and the other was 310 mm in diameter by 380 mm tall. In both cases the

volume of water contained in the ring w as still considerably larger than the volume of the melt (the

volume of the unreacted standard charge of mixed powders, 13. G kg, is aparoximately one-fourth of
the volume of the sinallest pipe section used).
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TAI 3 L1.' 2-II

Summary of Efficiency ScaHng Experimerts

Quantity W ater Quantit y Di ., m et e r Time tu
I:xperiment Prim a ry Water T e m pe r.,tu r e M elt Pour No. 1:x plos ion l' fic iencyf

No. Test Purpose ske) (K) (kg) (mm) I' x plos ion (s ) B) Hem rks.

1 Melt Generator H40 300' l.0 - 0 - - Paint c an generato-

2 Melt Generator 840 300" '.0 12,7 0 - - 1 ow er's generator

3 Melt Generator 320 300" 6.3 25.4 0 - - Cort r an insulation
#

4 Melt Generator 270 300 13.6 25.4 0 - - Generator meltthraagh

5 Melt Generator 200 loo" 3. 0 2 8. G 1 1.00 05 Greencast insulation

6 Melt Generator 200 300* 3. 6 35.0 4 0.60 .05 I arger pour hole

7 Water I.r vel 200 300' 3. 5 50. 3 1 1.10 . 21 Iloneycomb first used

4J Water Ixvel 420 300 9. 2 50.8 3 1. ' 5 .11 If alf tank water

9 Water I.evel 840 300' 6. 6 50.8 2.20 .41 ILfnt baseplate'

10 Water Temperature 250 320 3. 0 50.8 1 0.95 .23 Warm water

11 Water Temperature 350 357 3. 4 50.8 1 1.00 00 Ilot water

12 Trigger 13tmination 200 J00" 2. 0 50.8 1 0.50 .13 Sandblasted cover

13 Water Temperature 400 369 4.4 50.8 2 1.48 .2C S turated water

14 Trigger Idtmanation 175 300* 2. 0 50.8 1 0.4! .08 W axed cover

15 Pour Rate 840 300" 5. 0 76.2 1 1.27 .96 Bottom blew out

16 Trigger IGimination 175 300* 3. 5 50.8 1 1.31 07 1:poxy painted cover

17 Trigger I'limination 840 300 3.4 50.8 2 U. 41 .05 Single sc reen, 6 in. down

18 Trigger 12tmination 840 300* 7. 6 50. 8 1 2.78 .21 Two sc reens, 12 in. & 18 in.

19 Trigger Idtmination 840 300^ 4.1 50.6 2 0.55 .10 Single screen. flush

20 Trigger 12imination 840 300^ 5. 0 50.8 2 1,63 3fi Splatter plate

21 Trigger I:limination 560 300" 6. 2 50,8 2 1.27 .18 1/ 2 in. Melt plug

22 Water Tempe rature 780 366 12.5 76.2 0 - - Ieng heaters

M
Ch
N

N
N
Ch
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e e

T A B I .1: 2-11 (cont)

Q2antity W ater Quantity t ha m et er Time to
1:x pe rim en t l 'ri ma ry w at-r Te m pe ra t u r- Melt l '<,u r N F t.los ior. 1.ff u ier ey

No li s t l 'u rpcs + (kg)
_

(El (k g ) (mm) Q gn ist
,

PL) Hemarks

23 W ater Temperature 820 368 c. 9 76.2 6.08 . 24 Repeat of T-22

24 G eo n.e t ry 820 300* 13.6 50. 8 H - 13 in. x 18 in. Baffle

25 G eo m e t ry 820 300* 5. 4 50.8 1 .47 Hepeat of T-24'

26 t;eometry R20 300" 7. 4 50.8 1 '. .18 2 in. x 15 in.13affle
o

27 1 rtificial Triggering 820 300" 4. 2 76.2 1 .1 .42 S E1 de'onator t rigger
28 A rtificial Trigge rir.g 820 300' i. 5 76.2 1 1.30 .46 Spontaneous before det

23 Arttf tcial Triggering 820 300 3. 4 76.2 1 0.32' 47 First pressure traces
4

4 b30 A rtificial 'a rigg ering 820 300 3. 2 76.2 1 0 35 , t, Clear analog pressure traces
31 I'our Hate 820 300" 10.0 200.0 1 2.52 .25 First 8 in, pour attempt

32 G eo m et ry 300 300 5. 7 76.2 3 '.78 .12 12 in. x 15 in. Baffle. low
water

#
33 Pour Hate 820 300 27.2 200.0 0 - - Fast pour, no explosion

34 Trigger IGiminaticn 200 300 13.6 50.8 0 - - 1.ard-coated cover
J5 Trigger I'limination 820 300' 12.0 76.2 1 3.34 .20 Lard, det triggered

36 Trigger Elimination 820 300' 13.6 76.2 0 - - Melt plug abort
'

37 Trigger Elimination 820 300' 13.6 50. B 0 - - Lard, late pour
b

38 Trigger 13tmination 820 300* 13.0 76.2 1 3.45 .19 1.ard, digital pressure traces

39 Trigger Elimination 820 300 6. 0 76. 7 1 1. 55 . 51 1.ard spontaneous trigger

40 Trigger IJimination 820 30 l* 5. 5 76. 2 3 1,38 .59 1.ard, spontaneous trigger

' A ppro xima t e; ambient conditions determine exact temperature,

b
A rtificially triggered.

%
Ch
N
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1. 0

.

0. 9 -

.

. Standard Conditions

0. 8 - * Hot or Scihng Water
.

o Restricted VolJne

0. 7 -

; 0. 6 - ,
-

C
c
a 0. 5 - . Figure 2-1. Explosion Efficiency vs

5 Conditions of Test
*
.

w

0. 4 - I

..

0. 3 -

1
0. 2 *.*

..+

t

0.1 - I
:

0. 0 - *

TIIEllMITE 24 used the larger volun". ring baffle. The interaction tank was completely

filled with water to provide additional tamping of the interaction over that u hich would be provided

by just the water inside the ring. Ilowever, this also p ovided a geometry in which the melt could

be coarsely fragmented by Weber breakup before the pour stream reached the restricted volume

and might even fall to the bottom of the vessel outside the baffle region. It was observed after the

test that such a diversion did not occur, at least to any large extent. Unfortunately, there also

was no explosion in TIIEllMITE 24 There was fragmentation of the melt, generation and burning

of hydrogen at the water surface, and slow boiloff of about 20 kg of water, but no er.ergetic event.

A large amount of fine black material, like soot, was found both in the debris and inside the

ganerator after this test. This had not been seen previously and has not been seen since; the

origin and possible effect on the experiment are unknown.

TIIEllMITE 25 was a repeat of the TIIEllMITE 24 test just discussed. 'Itte only differences

in the two tests were that a G. 4-mm-thick melt plug was used in Test 25 instead of the 12,8-mm-

thick pluc used in Test 24 and a detonator was hung in the tank inside a piece of tubing for Test 25.

Neither of ihese two changes would be expected to alter the test results. As in Test 23, the

intentions w ere to fire the detonator after the pour finished if an explosion had not occurred already. .

I' rom the films of Test 25, it can be seen that, again, there are flames on the water surface

immediately after melt / water contact was initiated. This was followed by a single large explosion
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467 228



which occurred spontaneously 1. 97 s after melt plug failure. About 620 kg of water and debris

were blown approximately 6 m into the air. The spot u" Ids holding the ring baf fle were breken

loose and a vertical seam in the pipe section was broken. This suggests thai the explosion did
,

occur inside the restricted region. The estimated thermal-to-mechanical energy conversion effi-

.

ciency for this test was detet mined to be 0.47%. That value is perhaps a little high since the pour

rate determined by timing the total pour seems low compared to other tests using the same diam-

eter melt plug.

The TIIERAIITE 26 experiment was similar to Tests 24 and 25 except the smaller pipe

section mentioned earlier was used to further restrict the water volume immediately accessible to

the melt. Again, the tank was filled completely with water to provide strong tamping. As seen

in many of the other tects, there were lots of flames visible on the water surface soon after melt /

water contact was initiated. A single explosion occurred 2.48 s after the melt plug failed in this

experiment. The explosion sounded sharper than some of the previous explosions in the opinion

of those observers present, but it was only average in efficiency (O.18%) compared to other tests

in the series. Streaks of filigree material on the inside of the ring baffle indicated that at least part

of the explosion was inside the ring, but some filigree material was also recovered from outsiae

the ring. The tack welds were broken loose but there was no obvious deformation of the pipe sec-

tion itself.

The final interaction volume restriction test in this series, TIIEll A11TE 32, was essentially

a repeat of Test 2G except this time the initial water level was only at the top of the restrictive ring

rather than having the whole tank full. One other difference which could have some significance is

that TIIEll A1IT E 32 had a 76. 2 mm diam pour hole instead of a 50. 8 mm one as in the previous

volume restriction tests.

There were thret separate explosiens in TIIEll AIITE 32. The first one occurred 0. 78 s

after melt plug failure. The second explosion, which was the largest one, occurred 1. 25 s after

plug failure. The third explosien was at about 1. 38 s. It did not occur down in the tank but instead

near or at the bottom of the melt generator. Apparently some water blown out of the tank in the

second explosion was blown into some melt still pouring from the generator. The efficiency esti-

mate for this experiment was only 0,12T . The lack of good inertial confinement by a large head
of water is probably partially responsible for the low value.

The efficiencies for the restricted volume tests are compared to the rest of the tests in

Figure 2-1. As indicated, there is no apparent increase in efficiency for restrictions of this size.

The data for this series of tests are distributed fairly uniformly among the other data. This might
not hold if the interaction volume was shrunk even further, of course.

.
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2.2.4 Pour Rate Effect Tests

As indicated in Table 2-II, most of the tests previously reported and a few of the tests
.

performed this quarter have used 50. 8 mm diam pour holes. Alost of the tests performed this

quarter have used 76. 2 mm diam pour holes in an attempt to get somewhat larger quantities of

melt into the interaction tank before an explosion occurred. Since pour rate was not the primary
.

motivation for performing those tests, they will be discussed elsewhere. Two tests in which very
large pour rates were attempted were THER AIITE 3. and 33. Both tests involved trying to use

the whole bottom plate of the rr alt generator as a melt plug. A 0. 2 m diam circular groove about

6 mm deep was cut in the bottom side of the 12. 7-mm thick bottom plates. If the melting of the

uninsulated plate is assumed to be uniform over the whole area, the groove should force the plate
to fail at the outer radius before the ; enter fails.

From the slow speed movies of Test 31, it can be seen that the pour obviously did not pro-
ceed as quickly as inten ied. The pour was slow for about 1. 8 s after initial failure and then was

observed to increase somewhat. There was a single explosion about 2. 52 s after initial plug fail-

ure. The pour was still in progress at that time, so it was assumed that about 10 kg of the original

13.6 kg of melt was actually in the tank at the time of the explosion. This corresponds to a pour

rate of only about 4 kg/s. The melt plug did ultimately separate from the generator, but inspectie .
of it suggests that it was still attached at a couple of points before the explo; ion and was then blown

loose in the explosion. The complete generator was torn loose from its tiedown brackets and blown

about 6 m into the air in this test. The tank was also plastically deformed somewhat but, because

of the large quantity of melt assumed to be involved in the explosion, the efficiency estimate was
only O.255

For THEH AIITE 33, the amount of mix placed in the generator was doubled from the normal

load used with the thought that the additional 13.6 kg might apply enough additional force on the

melt plug to cause the hole to open faster and more completely. All other aspects of the test were
the same as for Test 31.

From the movies, it can be seen that there was a lot of material blewn out the vent pipe as
the chemical reaction proceeded. It is assumed this was caused because the insulation on the

generator walls was contaminated with a lubricant used to facilitate one step in building the genera-

tor. No estimate was made for the amount of melt material blown out. The films suggest that

the pour hole opened faster than in Test 31 but inspection of the generator indicated only a large
Pole on one side with the other side intact. There was no explosion in this test. Lots of flames

on the water surface were visible as the pour progressed and the water was seen to be in motion

after the pour ended, presumably because of heavy boiling at tbc bo' tom of the tank. (The water

was quite hot to the touch several minutes later but the temperature waa not measured. ) The total

pour time was about 4. I s, which implies a pour rate of about 6.o kg/s. This is large but still
not as large as desired. -
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No explanation is immediately available for failure to trigger an explosion in TIIERMITE 33.

It could be related to the larger amount of melt, which might have caused more vigorous local

boiling and reduced the chances for an entrapment-based trigger. It coald also have to do in some

peculiar fashion v ith the lubrication contaminant in the generator. The test will not be repeated

with this design of the pour hole opening, however, since neither of the two fast-pour tests have
.

worked properly. A new design will be developed.

Although very large pour rates have not yet been achieved, it is still important to see whether

the limited range studied has had any effect on explosion efficiencies. F gure 2-2 shows the effi-

ciency of each of the explosions to date as a function of the average estimated pour rate. There does

not appear to be any correlation in the data but there could be a very large error in almost any of

the mdicated rates because of the way in which they were estimated (usually by timing complete

pours and assuming that the explosions did not directly affect the pours).
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2. 2. - Artificial Triggering and Triggeri g Flimination Tests

Ilecause of the almost random occurrence of the spontaneously triggered explosions in the

large-scale open geometry tests, development of proper instrumentation techniques for the clored
*

geometry, highly instrumented tests to follow this series is difficult. Several tests were performeo
this quarter to investigate the possibility of artificially triggering these large explosions in a

- manner similar to that used in the laboratory studies (see Section 2. 3) by applying an impulsive
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pressure transient to the system. The method selected was to fire an SE1 detonator in the water

near the bottom of the tank. The detonator was encased in plastic tubing to keep it dry. The chemi-

cal energy release from the explosion of one of these detonators is about 3.6 kJ, which is only

slightly more than the thermal energy assumed to be in 1 g of melt.
_

For the tests in which artificial triggering was attempted, the pour hole diameter was in-

creased to 70. 2 mm so that more melt could get into *!.e tank before artificial triggering was

attempted. The tank was also completely filled with water in the tests in an attempt to delay any

spontaneous initiation as long as possible. This was suggested by the plet of explosion efficiency '' '

vs pour time to first explosion shown in Figure 2-3 As shown there, many of the spontaneous 5-

explosions have occurred prior to 1 s of pour time, but further investigation revealed that all of
'

''

those tests involved low water levels or screens in the tank. This observation sopports the assump-

tion made in the early trigger elimination tests that the spontaneous triggering involves the melt
coming into contact with the tar.k bo'. tom, walls, or similar surfaces. The refo re, it was assumed

for these artificial triggering tests that if the detonator was fired at about I s after pour initiation,
the chances of not having already had a spontaneous explosion would be high.
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TIIEltNIITE 27 was the first test of artificial triggering. In that test, as in all of the tests,

the experiment was observed in real time by remote-control television. When the poor was seen

to begin, a manual count of I s was performed and a be . was then pressed to fire the detonator.

Apparently coincidental with the firing of the detm mor, there was a large explosion which blew

water and debris about 6 m into the air. From the low-speed movie of this experiment, the explo-

sion was timed as starting about 1.17 s after plug failure. In the high-speed movie, a light flash
is seen in the plastic tubing which extends outside the tank. Within a few milliseconds of that flash,

the motion of the upper water surface begins. This strongly suggests that the detonator did initiate

the explosion. The explosion efficiency estimate for this test was 0. 425 The detonator chemical

energy was neglected in this estimate, but if it were subtracted the estimated efficiency would be
about 0. 3 9 "

TIIERNIITE 28 was an attempt to repeat TIICIGIITE 27 exactly, but in this test the melt plug

failed very late, about 50 s after ignition. Because of this, the shot was temporarily assumed to be

an abort and when the pour finally started we were caught unaware and did not fire ;he detonator at

the selected time. A single explosion then occurred spontaneously 1. 30 s after plug failure. It was

estimated to be 0. 46% efficient.

TIIERTIITU 29 was another attempted repeat of TIIEH11ITE 27. The only modification for

Test 29 was that pressure transducers were nut into the interaction vessel with the recording equip-
ment designed to start on the detonator firing gnal. This time the plug failure timing was more

normal and the detonator was fired manually about I s after plug failure. Again, there was a large

explosion that seemed to coincide with the firing of the detonator. From the low-speed movie the

explosion was seen to start about 0. 92 s after the pour initiated. In the high-speed movie, the

flash of the detonator is seen in the tube, followed a few milliseconds later by motion of the water
surface. The efficiency of this explosion was estimLted to be 0. 475. Pressure traces were ob-

tained on the analog scopes for this experiment, but they were not very clear since the oscilloscopes

were not set up to reccrd properly the high frequency signals which were actually generated.

Although the proof of the ability to trigger large-scale explosions artificially was quite con-

vincing after Test 29, the test was repeated again in TIIER AIITE 30 in an attempt to get better

quality pressure traces. The oscilloscope settings were improved and a time delay was also built

into the circuit so that the scopes would trigger 4 ms before the detonator was fired, assuring a
clear recording of the initial portion of the trace. Everything worked as intended this time, with

an explosion being initiated 0.95 s after melt plug failure. The pressure traces obtamed in this

test will be discussed in Section 2. 2. 7 The estimated efficiency for TIIERAIITE 30 was 0.365-

Following the verification of the ability to trigger large-scale explosions artificially, efforts
to eliminate the unknown spontaneous triggering mechanism were renewed. As discussed earlier,

it still seemed highly probable that the trigger involved contact of the melt with some surface.
*

Since the grease coating which was used in Test 14 was really more like a wax and the epoxy paint
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was later found to have been penetrated in Test 16, a decision was made to try a highly volatile

hydrocarbon ceat 7 on the tank walls under the assumption that any hot meit contacting th : walls

would immef.ately vaporize the hydrocarbon, pushing the melt away. Since most commercially

available lul:ricants contain additives to prevent vaporization and decomposition, the hydrocarbon

material ch asen for use was plain lard.
.

As in the earlier trigger elimination tests, an inverted tank cover was used as the inter-

action vessel for the first test using a lard coating on the walls. A layer of lard about 6 mm thick

was smeared on the inside of the inverted tank cover in TIIEIthlITE 34 and the cover was filled

with water. The cover was mounted above the interaction tank as described ir Reference 2. For

comparison with earlier test reaults, a melt generator with a 50. 8-mm-diarr pour hole was used.

When the melt contacted the water, there were lots of flames as usual, and one minor inter-

action which gave off a puft of orange smoke, but there was no explosion The pour ended at about

3.6 s after plug failure and the flames continued to burn until a ddonator was fired at 5.4 s after

plug failure. Even the detonator did not trigger an explosie.1 but it was fired quite late, probably

after enough time for at least a surface layer of the men to have frozen. The water in the lid was

boilir vigorously when the apparatus was approached several seconds later.

Since the lard coating had apparently prevented a spontaneous explosion in Test 34 with

the cover as the interaction tank, coating the regulrr tank with lard v as tried for TIIEithlITE 35.

The la rd coatmg on the bottom of the tank war made 5- to 10-tm < nick and only a thin layer was

put on the walls. The tank was filled with water and a gemtor with a 76. 2-mm-diam pour hole
was used. An SE1 detonator was hung in the tank for this test so that an artificial irttiation could

be attempted late in the pour if one had not occurred already. Slightly more than 3 , from initial

plug failure was chosen as the time to fire the detonator since no spontaneously trig!ered explo-

sions had occurred that late (soe Figure 2-3) and the pour usually ended a little after that time.

The lard coating worked as expected in TIIERilITE 35: there was no explosion until the

etonator was fired at 3. 34 s after pour initiation. Again, the high-speed movies verify that it
was not merely a spontaneously triggered explosion which happened about the time of the detonator

firing. The estimated efficiency of the explosion was 0. 207, assuming that 12 kg of melt was in
the tank at the time of the explosion.

The following test. TIIERNIITE 36, was supposed to be a repeat of Test 35 to obtain more

data on larger melt quantity explosions. Enforturutely, the melt plug never failed in this experi-
ment so no data were obtained. TIICHNilTE 37 was another attempted repeat of TilEHAIITE 35,

except the me generater with the 50. 8-mm pour hole was used. The melt plug failed this time

but extremely late, about 2 min after igr' tion of the thermit ? mix. Because of the late plug failure, '

h ' assumed the pour had aborted so ..m detonator was possibly u red too late. No explosion
occur ed when it finally was fired. Both films ha' in out by the time the pour began, so no in- *

formation is available on actual timing of the detonator firing.
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After one complete abort and one near abort of the melt plug system, it was decided that

the buildup of slag in the bottom of the generator was causing the majority of the melt to be held
.

away from the plug area and thus the heat flow to the melt plug was too small. To solve this prob-
lem, the generator was totally rebuilt so that the insulation layer on the bottom plate surrounding

"

the pour hole was only 10 to 20 mm thick.

TIIERMITE 38 used this new generator in another attempted repeat of THERMITE 35. This

time the generator worked as intended, with the melt plug failing and initiating the pour about 9. I s

after ignition of the mix. The lard appa ently worked again to prevent a spontaneous explosion.

The detonator was fireo at 3. 4 5 s, just as the pour was ending, and it did initiate an explosion.

The efficiency was estimated to be 0.10"5 based on 13 kg of melt. Pressure traces were o! uined

in this test also as will be discusscd in Section 2. 2. 7.

Tests 39 and 40 were both attempted repeats of the lard-coated tank test with a detonator to

be fired at late times, but both had spontaneous explosions as shown in Table 2-H. It is assumed

that some melt got inside a transducer bracket or on some other surface with not enough lard coat-

ing since the coating seemed to work as intended in four previous tests.

2. 2. 6 Dobris Steve Analysis Results

The debris from 23 of the earlier tests has been subjected to limited sieve analyses. De

cause only a small fraction of the total melt is usually recovered from the interaction tank, a

really accurate analysis cannot he performed. Alen, all recovered debris larger than 4.75 mm in

diameter was excluded from the analysis in an attempt to make the comparisons more meaningful.

Most of the results are based on a representative 100-g sample of debris, but less material was

availile from a couple of the tests. Sixteen sieve cuts were used in determining the particle size

distributions. the smallest sieve being a No. 323, which has 45-pm openings.

Figure 2-4 is a plot of explosion efficiency vs mean particle size obtained from the individ-

ual sieve analyses. Data for experiments in which fragmentation but no explosion oceurred ar e

also shown. As indicateri in the plot, there is a general trend toward smaller particles as the ex-

plosion efficiency increases. The mean particle diameter is about 2500 pm when there is no explo-

sion or only a weak one. The mean particle size of the debris is closdr to 300 or 400 p m for the

more efficient explosions. No debris was recovered from the most efficient explosion, THERMITE

13, since t bottom of the tank blew out in that test.

.
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2.2.7 Pressure Historica

Hy using artificial triggering for the explosions, it became considerably easier to perform

active diagnosis of the explosions since h:gh-speed, short-duration rect rding equipment such as

oscilloscopes could be properly initiated. As mentioned earlier. prest are traces have been o< -

tained in three experiments but they were washed out at early times in one of those. The pres -

sure histories were obtained uaing the same lithium niobate gages which w ere used in the labora-
.-

tory triggering studies." The recording circuit parameters were chosen to produce a signal of
about 0,12 V per AIPa of applied pressure. The circuit time constant was about G. 7 ms. Two

gages were used in each experimt .c as checks on one another; both w ere about 120 degrees from

the detonator and from each other. They were hung from brackets about 0. 3 m above the bottom

of the tank and near the wall. The gages were enclosed in a very porous foam and wrapped in tape

to give them some thermal protection since they are also pyroelectric. This encapsulation should

slightly sl< T the gage response to fast rise time pulses.

Figure 2. 5 shows the signal obtained from one of the pressure transducers in TIIEll A1ITE 30

The sign il was recorded on an analog oscilloscope and then digitized manually. In the plot, it has

already been converted from volts to AIPa through the appropriate conversien factor. The first

spike to 7. 511Pa is caused dir(etly by the detonator. This was verified by an independent test in

which a detonator was fired with no melt present. The time delay fror., firing which is indicated

for that initial pulse reflects the transit time of the pulse through the water m the tank. The *

second spike to about 1011Pa is the result of the ateam explosion. The gage signal then "re'tles"
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around somewhat. but the background pressure still remains substantial. Since the natural period

of ringing in the tank is at least a millisecond in stagnant water, it is probably even larger in boil-
-

ing water. Therefore, the pressure spikes which occur for the next several milliseconds are

thought perhaps to inc'icate the incoherency of the interaction on a local scale, even thcugh there is
- a large measure of coherency to the explosion. The low-magritude pulses seen at late times may

well be reflections of earlier pulses. It should be mentioned that the signals received from the

pressure transducer s . TIIERAIITE 29 look very similar to the one in Figure 2-5, at least where
they are not washed out.

[ ] I I I I I I 3 I

zs . -

20 - -

2 15 -

E

5
2 10 - -

1

5 .

,

-

I

ph A % -

o

-5 i i ' ' i i i i ' ' '

-2 0 2 4 6 9 10 12 14 16 18

Ti e from Detan#3r Firmg !W

Figure 2-5. Pressure IIistory Recorded During TIIERMITE 30

Figure 2-6 shows the pressure signature of the explosion in TIIERMITE 38. It looks less

spiky than the TIIERMITE 30 trace. That is possibly because this particular signal was recorded

with a digitizing oscilloscope which effectively takes ti.e average signal in a 5 ns window every
10 ps. Thus, it can easily miss epikes shorter than a few microseconds in d7ation. Besides

being smoother in appearance, this trace also shows no indication of a direct pulse from the detona-

tor. Further, the first pressure increase due to the explosion comes much later in time. Both of

these effects are probably caused by the presence of a large amount of boiling water between the
detonator and the gages in TIIERMITE 38. In that test the explosion occurred after quite a lot c'
melt had a chance to reach the bottom of the tank where the gages and detonator were. The explo-

sion was triggered early in TIIERMITE 30, and only a r., mall amount of melt, if any, would have
reached the bottc a.*

.
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The initial pressure shown in Figure 2-6 probably went highe" aan ir dicated since the peak

shown corresponds to the full-scale reading of the oscilloscope. Integrating this pulse to get an

impulse and applying that impulse to the water slug driven from the tank in THERAlITE 38 suggests

that the potential energy technique used to estimate the slug's hinetic energy is reasonably good.

The two agree within a factor of two, with the potential energy estimate on the Icw side as expected.

This is quite encouraging for attempts to design the closed geometry system since several indeper-

dent pieces of information now indicate that the same range of pressures must be contendea with.

2.2.8 Scaling Results

Figure 2-7 indicates the thermal-to-mechanical e.urgy conversion efficiency vs initial
water quantity for those 30 tests out of 40 which have produced explosions. About 60% of the tests

have been in a full tank of water while the other 40~o have had various lower water levels. It is
becoming even more evider.t, as seen ir. this plot, that the additional ws.ter in the full-tank tests

does increase the probabiltty of paing a more efficient explosion, This is still thought to be
caused by the increased inertial c onfinement (tamping) of explosions in the bottom of the tank.

Figure 2-8 shows th explosion efficiencies vs the amount of melt estimated to be in the

interaction vessel when the last energetic explosion occurred for each experw-+, It is not known
if the peak in the data around the 6-kg value is related to the amount a iron or alumina in the

norrr.al quantity of mix (13.6 kg) used for these tests or if there simply is a lack of data at the

higher melt quantities. Additional experiments with large m'it quantities will be performed to -

try to resolve this question.

.
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2. 3 Triggering Studies (L. S. Nelson)

2. 3.1 Matrix Variable Studies
,

Corium- A Simulants as a IAmetion of Initial Oxvgen Content -- A series of experiments was

performed with the four-component Corium- A simulants as a function of oxygen content before melt- -

ing. The initial oxygen contents studied were 64. 2, 61. 5, 58. 7, and 55 > atomic percent (at. %).

Six experiments were performed at each initial oxygen composition (24 experiments in all). Delay

times between the start of flooding and the bridgewire pulse were approximately 0. 2 5, 0. 3 5, and

0.45 s. Two experiments were performed at each delay time for each initial composition.

Only one explosive interaction with the Corium-A simulants occurred (10-94-1); this with

one of the G4. 2 at. % initial oxygen melts. It was in the form of a mild explosion which resembled .

somewhat the explosions that occur with the Corium-E simulants and the molten iron oxide. A pres- ,,

sure trace recorded during the experiment is reproduced in Figure 2-9. There wat; one significant

difference, however from the explosive interaction normally obsecved with the Corium-E simulants

and the iron oxide. This was determined from the flash x-ray imaging. in which exposures were

taken through the apparatus at 2. 3. 5, and 5 ms. No fragmentation was observed in the first two

exposures, while modest fragmentation had begun by the third exposure. In the comparable ex-

periments in which molten Corium-E simulants and iron oxide exploded, fragmentation is usually
observed in the first two exposures as well as in the third. Thus, for the Corium-> simulant,

there was no stage-1 breakup as normally observed with the other two exploding materials. This

is consistent also with the absence of a recorded stage-1 pressure pulse, as shown in Figure 2-9.
Notice that the pressure-producing event in the Corium- A simulant occurred at about the same time

after i e bridgewire firing (in the range 3 to 8 ms) as is seen for the stage-2 interaction in the
Corium-E simulants and iron oxide,

i 1 , n

" -

. .u . ..w w m . , c.~ *
~

btP r*(Y f &seirAppt y M ]i

a. - -

u - -

%,m.
' ' * ' 2 4 ve,o _

v.,
_.

a
w v. ., m,

2
m
"

o2 - -

ea - -

G6 - -

u -
.

'
I i I i r I

a i i a 3 . , ,

1 ,w

Figure 2-9. Pressure Record of Interaction of Arc-Melted Corium- A
Simulant (G4. 2 at.% initial oxygen) with Hoom Temperature
Water. Note absence of stage-1 pulse at = 0. 5 ms.

467 240"



Corium-E Simulant Interactions with Water at 13evated Temperatures -- In the previous

quarterly report. experiments had begun with the heat-exchanger-type water temperature control

-
system; however, the cutoff for explosivity as a function of water temperature was poorly defined

for the Corium- E simulant of 61. 5 at. ', ir.itial oxygen. During this quarter, experiments have

been carried further with this Corium-U simulant. It was observed that the h'ghest water tempera-
.

ture at which an explosion could be initiate: with this material was 337 K. using bridgewire initiation.

Since the boiling temperature of watt ' locally is 3G8 K. this corresponds to a minimum subcooling
of 31 K. This should be compared with the minimum subcooling for the molten iron oxide of 24 K.

Th > main effect of the increase of watcr temperature (decrease of subcooling) seems to be that the

stage-2 interaction (usually the major pressure-producing interaction) gradually diminishes and

eventually disappears as water temperature increases. Eventually stage-1 breakup also disappears

as water temperature increares. This is shown in Figures 2-10 through 2-14 which show pressure

traces for a series of molten iron oxide experinnents (with bridgewire initiation) as a function of
increasing water temperature.
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Effect of Water Additives -- The effects of water composition on the explosive nature of the

interactions in the floodable are melter were studied for comparison with the deionized water nor-

mally used. Two water compositions w ere used--simulated seawater containing 3. 5 wt% sodium .

chloride, and borated water containing 3000 parts per million of boron by weight as boric acid

(simulated chemical shim solution). The two most explosive melt compositions w ere used--
,

Corium- E sicnulant w ith 61. 5 at. ", initial oxygen, and molten iron oxide with 60 at.% initial oxygen

re performed with bridgewire initiation and the mort favorable delay(Fe O ). The experimentt -
2 3

time for inducing an explosive interaction (approximately 0. 2 s). Two experiments were performed

with each melt flooded with each of the two water compositions. Explosions were triggered easily

in the eight experiments performed with the modified water compositions. Compared to deionized

water, there seemed to be no major differences in the explosive behavior of the melts as indicated

hv the pressure records. high-speed films, and debris (no flash x-ray images were recorded here,
however). Pressure traces recorded m experiments with the water additives are shown in

Figures 2-15 through 2-18.

I i i i i i i i i
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Figure 2-15. Pressur" Itecord of Interaction of Arc-Melted Fe,O g
With Simulated Seawater (10-107-2). Note unusuall
large deflection at bridgewire firing time (t - 0).

.

In the simulated seawater experiments, the bridgewire generated pressure transient records
showed an unusually high peak pressure (off-scale at 3.1 MPa). This was attributed to the increased
electrical conductivity of the water due to the added electrolyte. It is assumed that this mehow .

increased the efficieney of the capacitor discharge through the bridgewire, which is not i alated
electrically from the w ater. The peak bridgewire pressures were normal (< l.0 MPa) in the horated
water experiments.
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(10-113-1).

Effects or ;'evated Chamber Pressures -- In previous experimentation, the maximum.

chamber pressure studied was 0. 75 MPa. During this quarter, experiments were performed with

Corium-C simulants of 61. 5 at. % initial oxygen and with molten Fe O , both at a chamber pressure
2 3

of 1. 0 MPa. Two experiments wer e performed with the Corium-E simulant (10-115-1 and 10-115-2)
and one experiment with the molten iron oxide (10-114-1). Explosions were not observed with either
melt at this pressure.

2.3.2 Determination of Gaseous Oxygen Evolved During Melting

Test of Technique -- During this quarter, a Teledyne Model 320A electrochemical gaseous

oxygen analyzer, equipped with flowthrough adaptor, was inserted in the outlet argon flow from the

are melting innerchamber. This analyzer gives a linear voltage output which is proportional to the

oxygen content of the gas stream over wide concentration ranges. The output of the analyzer was
recorded as a function of time with a Iloneywell Model 193 recording potentiometer. A schematic
diagram of the arrangement is shown in Figure 2-19. The output of the analyzer was integrated as

a function of time, and calibrated with known volumes of oxygen sent through the analyzer via a

bypass system. The purpose of these analyses is to determine the instantaneous composition of
the melt at the +ime of flooding to determine the effect, if any, of the chemical nature of the melt

on the exploeive triggering interac: ion. The applicabilHy of the tecnnique to these experiments was
,

explored by determining instantane ous melt composition in three separate ways in the same arc-

melting experiment (10-113-2), wh ch included flooding with water but without application of an

initiating pressure transient. Melt composition was determined by weight loss of the sample, by
.

qr6
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measuring the gaseous ox)2en evolved during melting with the electrochemical analyzer, and by

wet chemistry applied to the residue remaining after the experiment. The results of this test of

technique are shown in Table 2-III. Notice that the compositions of the melt at flooding time as
,

determined by the three independent techniques are within *0,5 at. %

.

Argon Exhaust

A
Strip Chart Re~;rder

fElectrocheNcal 07 Analyzer >

a F

Argon Outle(
Electrodes

\ l

' Arc Melting Chamber

/
Fe0, Sample

a

Argon inlet

Figure 2-19. Schematic Diagram of Apparatus
Used to Determine True Composition
of FeO Melts at Flooding Time

TABLE 2-III

Determinations of Composition of an Iron Oxide Melt by
Three Independent Techniques

Method

Comnosition weight Loss Volume of O2 Wet Chemistry

O/Fe 1.176 1.190 1.15!

X 0.540 0, 545 0.535

*
Oxygen-iron ratio

++
Mole fraction of oxygen
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Alelt Compositions 11efore and After Explosive Intaraction -- Once confidence in the gaseous

oxygen analyses was obtained, the technique was then applied to determining the compositions at

fltoding time of melts which were induced to explode with a bridgewire pulse. Two experiments .

w ere performed with molten Corium- E simulant of G1. 5 at. ", initial oxygen content (10-111-1 and

10-113-1) and two w. h melts formed from Fe.G 00-10b1 aml 10-110-l h 6 amon bom
,g 3

samples of debris retrieved from the molten iron oxide experiments were analyzed for oxygen con-
tent by we* chemistry for comparison with the composition determined just prior to the interaction
by the electrochemical evolved oxygen analyzer. The debris retrieved fro.n the Corium-E simulant

explosions was not analyzed, since normal analytical techniques are time-consuming and inaccurate.

(Ease and accuracy of analysis is one reason for using the simple binary iron-oxygen melts as a
simulant of the Corium-E compositions; see Appendix A of SAND 78-00F. ) The results of these
experiments are shown in Table 2-IV.

TABLE 2-1Y

Determination of Atelt and Debris Compositions in,
Explosive Flooding Interactions With Oxidic Alelts

Alelt Composition Debris Composition
Expe rim ent by Gas Analyzer by set Chemistry

No. Startinc AIaterial (O/ Ale) (0 / Ale)
_

10-109-1 Fe O 1.235 1.2362 3
10-110-1 Fe O * *2 3

,,
10-111-1 Co: ium-E Sirnulant 1.360 F. D.

'

10-113-1 Corium- E Simulant l.380 N. D.

Flooding was done with borated water (3000 ppm B as B 0 ''
3n

Initial oxygen cuotem was 61. 5 at. <

.One difference between the experiments reported in Table 2-IV and the experiment as
normally performed should be recorded: In all four experiments, borated water was used for the
floodin g. These experiments are thus not strictly comparable to those performed with deionized
water as the coolant: the effect of the water composition is probably negligible however. Normal
experiments with deionized v ater are planned.
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Notice that, for the two experiments reported in Table 2-IV, the difference between the com-

positions of the iron-oxygen melts when flooded (determined with the gaseous analyzer) and the

retrieved debris (determined by wet chemistry) is very small. This small difference would tend to
place a limit on the amount of gaseous oxygen which could be liberated during the interaction, as

,
suggested by the impulse-initiated gas release hypothesis proposed by Buxton .nd Nelson.

2. 4 11e fe re n c e s

1. I.ight Water lleactor Safety itesearch Program Quarterly lleport, October - December 19E,
S A N D78 - 0600, Nuclear Fuel Cycle Safety Research Department, Sandia Laboratories,
Albuquerque, NA1, June 1978

2. I.ight Water Reactor Safety Research Procram Quarterly Report, Jar.uary - March 1978,
S A ND7 8- 1511, Nuclear Fuel Cycle Safety Research Department, Sandia Laboratories,
Albuquerque, N A1, October 1978

3 I.ight Water Ileactor Safety Research Program Quarterly Report. April - Jure 1978,
S A N D78- 1901, Nuclear Fuel Cycle Safety llesearch Department, Sandia Laboratories,
Albuquerque, NM, January 1979.

4. Commercially available as RPl detonators from Reynolds Industries, Atarina del Rey, CA.

5 L. S. Nelson and L. D. Buxton, Steam I'xplosion Triccerinc Phenomena: Stainless Steel and
Corium-l: Simulants Studies with a Floodable Arc Melting Apparatus. SAND 77-0998, Sandia
I.aboratories, Albuquerque, NM, May 1978.
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3. Statistical Analysis

.

3.1 Sum m a rv

-
This program has as its goal the application of statistical methods for predicting the probable

distribution of peak clad temperature (PCT), as calculated by ItELAP4, during a loss-of-coolant
accident (LOCA). The response surface method is being used for this purpose to minimize the

num'ser of calculations required.

We continued to investigate the question of problem initialization for the off-norainal power

levels to be used in the study. Calculations were made (at 94 and 10G% power) with thermal and

mechanical balancing appropriate to the power level. The effect of balancing on PCT for these runs
was shown to be small.

It was determined that the fuel state (i.e., fresh or once-burned) has no important effect or
temperature histories or hydrodynamics during the blowdown portion of a LOCA. Fresh fuel was

assumed in 26 blowdown calculations, and the results were used to establish a PCT prediction

surface for the Zion plant. These calculations showed a PCT range of about 500" F (920' to 1420 F),

and provided information on the relative importance of various ph sical models and input parameters.7

3.2 Steady-State Calculations and .*roblem Initialization (11. K. Byers and 11. Berman)

It may be recalled from previo ts quarterlies that considerable difficulty was encountered in

attempts to calculate steady-state operation of the Zion plant. Our intent was to determine if, using
off-nominal power levels, the reactor would adjust, over a reasonable period of time to the nonstandard

conditions. This would eliminate any need for a large number of input modifications, i.e., balancing

for each power level in the statistical set. When the original input data set was modi.fied by the
addition of a large " buffer" volume to the pressurizer, adequate steady-state calculations could be

made when a suitable timestep for the calculation was found and an improved flow predictor was used,

fleactivity feedback was found to have no significant effect in the calculations. Ilowever, when breaks

were initiated af ter various delay times, subsequent results did not converge in calculationally feasible
times.

During the course of the a5ove work, we considered the possibility that variations in F CT arung

the off-nominal power cases might be small enough to be acceptable. To examine this question, it

was decided to perform calculations at the limits of the power range for thermally and mechanically

balanced problems. During this quarter, a procedure for altering some input parameters depending
on power level was implemented.
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The initialization approach was based on the foll cring assumptions foe off-nominal power

conditio ns :

_

e For the steam generators: heat transfer rate, temperature drop across

the primary side, and secondary-side flow rate, all vary as the ratio of

power to nominal power.

e The sum of secondary-side temperatures and mean inlet-outlet primary-side

temperatures is equal to its value at nominal power conditions.

Primary coolant loop mass flow rates are equal to their nominal values.o

M hen these assumptions are combined with one of constant temperature through the steam

genera' tr secondaries, the results for volume average temperatures are (superposed tilde indicating

off-nominal power condition):

~

T=
1+

T 1-
-

+ T
2 p 2 s

7 ,1-27 ,1*~T Beginning t hot side of (say)
s 2 p 2 s the intacc loop: (Volume k ia

nearer the vessel than Volume

k+1)
I

,

I O ~

T =T +- T -T T~ =T +T -T
p p 2 p p k+1 k k+1 k.

~O -
1 O

T T - - - ,r -T=

p p 2 p p

1

1Ie re, T indicat s mean of steam generator primary-side inlet and outlet temperatures

(-1/2fT O) and Ts indicates secondary-side temperature for the steam generator; n is the+T
p p/

ratio of power level to nominal power level, e.g., 1.06 for 106% power. The resulting temperature

changes sometimes necessitate minor input changes, such as junction loss factors, before pro-

ceeding with the calculation.

Table 3-I summarizes the tombination of problems we have calculated for the Zion plan:

(Figure 3-1) in testing the balancing technique. As was our hope, the differences in PCT are small,

giving us reason to believe that, indeed, the sta tistical study can be carried out without any re-

balancing at off-nominal powers.
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TABLE 3-1
.

Thermal Balance Runs

'

Steady- SLAB 15 S LA B 16
Itun Power State Thermal Alax Temp Alax Temp
Name (%) Pe riod Balance] AT Core Time ( F) Time ( F)

BD4A 100 0.01 Yes 59.30 6.65 1087 6.50 1094

100 80.01 Yes 59.30 6.70 1076 6.51 1071

BDST-
05E 106 0.01 Yes 62.87 6.63 1134 6.52 1128

06i> 106 0.01 No 59.30 6.63 1132 6.50 1125

05F 106 80.01 Yes 62.87 6.64 1126 6.51 1116

06C 106 80.01 No 59.30 7.56 1116 7.53 1104

07D 94 0.01 Yes 55.73 6.61 1040 6.50 1037

08A 94 0.01 No 59.30 6.64 1045 6.49 1041

07E 94 80.01 Yes 55.73 6.50 1033 6.50 1032

08B 94 80.01 No 59.30 5.79 1041 5.47 1040

Good agreement ir, other quantities was also obtained in the runs with and without rebalancing.

Fuel stored iergies are virtually identic . for both the high and low power cases (Figures 3-2 and

3-3). As shown in Figur. - 3-4 and 3-5, te only difference in slab temperatures occurs later than

the peaks (again for both r er levels), and does not appear to be of signi.ficant magnitude. Core

flows, pressures, and temperatures (Figures 3-6 thiough 3-8) are also practically identical.

Another conseque .ce of rebalancing may be noted in Figures 3-9 and 3-10. (Time axes are

measured f rom break '.nitiations.) Previously, it was not possible to achieve good agreement for

off-nominal calculations with and without delays before the break. It appears from the near identity

of these results that the faGure to do so was caused by the initial imbalance and, consequently, a

la rge drif t away f rom initial conditions.

To make a decision on whether to use a fresh or once-burned description of the fuel in the

study, we compared results of calculations whose input differed only in that respect. All other

specifications were nominal and the Zion nodalization (Figure 3-1) was again used.

.
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Figure 3-2. Fuel Stored Energy for High Power Case, No Rebalancing vs Rebalancing
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Figure 3-3. Fuel Stored Energy for I ow Power Case, No Rebalancing vs Rebalancing
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Figure 3-4. Clad Temperatures, High Power Case, No Rebalancing vs Rebalancing
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Figure 3-5. Clad Temperatures, Low Power Case, No Rebalancing vs Rebalancing
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Figure 3-6. Allss Flow into Hottoni of Average Core, Balanced and Not Balanced
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BDST08ACNO BAL) VS BDST07DCBAL) - 94 PCT POWER
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BDST07DC.01 SS) VS 80ST07EC80.01 SS).94 PCT.REBAL
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F igure 3-10. Clad Temper atures for lireak Times of 0.01 and 80.01 s

Hlalanced for Off-Nominal Power)

Th It i:1.A P input para met-rs < .fected by fuel state (i. e, . fresh or once-hu gap

w idth :tnd decay h, at Ls discussed in h" last quarterly report). As Figure 3-11 sim s, ulodeling

the fuel as one -burn ~d resulted in con nlete closuro of almost all of the pellet-to-clad gaps iri the
1.ot initial s tat e !!owev r. th-re appeared to br no significant effect of this phenom"non on subse-
qu. nt b l.avior during the transient. Slight diff-rences over short periods of time were seen in

such quantities as flow and temperatur" histories. For exa mple. l'igures 3-12 and 3-13 show that

flow to the upp- arnulus and middle hot pin temp'rature w ere virtually unchanged by the choice of
fuel stater 11 ore g!obal quantities, such as fuel stored energy (Figure 3-14), w ere affected to a
rnach s mall-r degre Therefore, The fuel state was assu:ned to be fresh for all the runs in the study.

3.1 Itrsults of Statistical filowdown Ituns (G P, S t ec k ,

The first 20 I?EI..\P runs were nride (the scheduled 2:, plus I with all variables at nominal) and

the results are shown in Table 3-11.

Since, in this report, the input variables are coded I to 21, the reader may wish to refer to

Table 3-111 for their definitions. A cornplete description of the implementation of these variables may
be found in the progress report for last quarter.
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TABLE 3-111

Input Variables and Values

.

Nominal
_

Pa ra m eie r Itance Value
.

1. DLEIIItY = subcooled discharge co fficient 0.7 --+ 1. 2 0.9

2. DLIIEM = saturated discharge coefficient - 0.2 5 -+ 1.0 0.0

3. SLIP = slip correlation dial - 1.0 --+ 1. 0 0.0

4. Dl..TF = 2-phase form loss dial 0.4 --+ 1.6 1.0

DLTFFM = 2-phase fanning friction loss dial

These dials are assumed to be equal, and a
single variable.

5. DCIIF = critical heat flux dial 0.3 --+ 3. 0 1.0

6. DIITC6 = Condie-Bengston dial 0.5 -+ 2.0 1.0

7. DIITC7 = free convection and radiation dial 0.6 -+ 1.5 1.0

8. DIITC8 = Dittus-Boelter dial 0. 5 --+ 2.0 1.0

9. DIITC9 - IIsu and Bromley-Pomeranz dial 0. 5 -+ 2.0 1.0

10. DLBLK = flow blockage dial multiplier 0.4 -+ 1.6 1.0

11. DLMWII = multiplier of Cathcart-Pawel reaction rates 0.8 5 -+ 1.15 1.0

12. DLPWIt power level multiplier 0.94 -+ 1.06 1.0

13. DLCPIl = increment to be added to containment pressure -5.0 -+ 10 psia 0.0

14. DLPUMP = dial for 2-phase pump head multiplier - 1. 0 --+ 1.0 0.0

15. ECCTMP = temperature of accumulator and safety 40 -* 14 0* F 90*F
injection system water

16. DLACC = accumulator pressure 593.2 --+ 6 9 3.2 psia 643.2 psia

17. TLF = time in life 0.0 -+ 44 0 months 226 months

18. PFUNC = peaking f actor unceI'. i.ay multiplier 0.84 -+ 1.16 1.0

19. DLECON = thermal coni uctivity dial multiplier 0.6 -* 1. 3 1.0'

20. DLGAP = additive uncert inty in radial gap size 1.5 mils 0.0

NOB = 0-+ fresh fuel
= 1--+ once burned fuel

21. DLDEC = decay heat multiplier -0.06 -+ 1.0 0.0

.
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Af ter the first 14 runs were made, response surfaces were determined for the maximum

temperatures of slabs 15 and 16, labeled T15 and T16 in what follows. These models are shown in

Table 3-IV. The terms used in Table 3-IV may be unfamiliar. For completeness we give their -

definitions m the next paragraph.

.

Let n denote the number of dial sets used to produce a model and let

=1S (PCT. - PC f)T n 1
,

3,1

where

FC"f = 1 PCT. .n v 1i=1

A
If PCT. denotes the model prediction for PCT., then

1 i

." A ,

Ils = 4 (PCT. - PCT )'
*

i=1

*-
is the residual sum of squares and 11511 = IIS/(n - k - 1) is the residual mean square (k is the number '

,, . . ,

of terms in the model) and IIAISit = \'Usit, the root mean square residual. In this notation 11~, which
.

is the percent of total variability in the dependent variable accounted for by the model, is defined to
2 ~

be It = 1 - ItS /nS ' . The "Ilelative Importance" of a variable is 100 times the change produced inT
the dependent variable PCT (in units of S pr duced by a 1 o change in that variable.T

Although a goom model based on 14 observations was obtained with only three terms, it did not
predict well. The ItalS prediction error for T15 and T16 in the next six runs was 250 F and all0

errors were ones of underprediction which shows the model is based more on idiosyncracies in the
data than on any real trends-

The next model used for prediction was based on the first 20 runs. It is shown in Table 3-V.

This time the 1111S prediction error in predicting the next six runs was 130'F, - about hali

of what it had been. There were errors of both signs although there were more (and larger) errors
of underprediction than otherwise.

Note that, in these models, variable 17 is total time-in-life rather than time-into-the-11-mnth

cycle, as it is in the following model. The expression, 17',is used in place of 17 to make the distinction.

A model based on the first 2S rtm= " 'hown in Table 3-VI, and Table 3 '/II displays peak
temperatures and times, as well at .ator turn-on times, for the full set of runs. *
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TAI 3LE 3-IV

ltesponse Surfaces for T15 and T16 Ilased on the First 14 Ituns

.

T15 T16

UAelTerme Itelative Importance Model Terms llelative Importance
.

5x5 -92 3x5 -95

1 x 17 -42 1 x 17 -68

3 x 16 32 2x5 34
9o

It" = 0.086 It~ = 0.987

It AISit = 18 F RMSit * 17* F#

Notes: It denotes percent of total data variability accounted for by the model.

ItMSit denotes the root mean square of the residuals.

The sign of the Itelative Importance indicates tlie direction of the effect.

An entry "3 x 5" denotes "X(3)X(5)", which in this case is the slip by DNB
correlation interaction.

TAI 3LE 3-V

Ilesponse Surface for T15 and T16 Based on the First 20 Ituns

T15 P16
M od e l l'e rm s Itelative importance Model ferms itelative importance

19 -83 19 -73

14 x 14 -52 6 -33

7 x 20 -38 18 52

9 x 12 37 19 x 19 31

5x8 -35 14 x 14 -19

14 26 17 x 18 -15

12 x 12 24 5 x 17 10

4x7 21
' 2

R~ = 0.9 78 11 = 0. 9 91

ItMSit - 27 F llMS R = 15' F0

.

.
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TABI.E 3-VI

Model Based on the First 26 ''uns

TIS T16 .

Atodel Terms Itelative Importance Alodel Terms Itelative Importance

19 -84 (-104.2)* 19 -84 (- 9 3.2 ) -

18 60 (74.4) 18 52 (5 7.7 )

ti -37 (4 5.0) 6 -42 (4 6.6 )

19 x 20 -34 (-4 2.2 ) 4 26 (28.9)

2 x 14 -27 (-33.5) 1x3 -19 (- 21.1 )

9 x 12 19 (23.6) 12 16 (17.8)

7 x 21 -18 (-22.3) 17 -16 (- 17.8 )

2 x 15 16 (19.8) 5 -15 (16.7)

16 -14 (- 17.4 ) 1x4 -11 (- 12.2 )

9 9
11~ = 0. 0 00 R~ = 0.9 00

ItAISIt = 15 F RAISR = 14 F

s
Note: The numbers in parentheses represent the change in PCT in F resulting from

a l a change in the model term.

.
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T A H LE 3-VII

ItDi Series - Statistical Study

e

Klah 15 Slab 16

y IMI%t Time it Wu m u Ter ne'F) Time at Max Max Temn f * F1 27

*
A N n, ul 6.65 1087 6.50 1084 12.5

11 N >nu nal - 6.65 1085 6.48 1081 12.5
Onc e-Ha rned
i uel

0 1 4.25 1073 4.26 1100 13.25

D 2 5.50 115) 5.35 1191 10.75

E 3 7.40 1188 7.50 1180 10.75

F 4 8.09 1134 7.25 1132 13.0

G 5 4.09 1124 3.50 1113 10.5

11 6 4.25 921 4.34 943 12.75

I ? 6.25 975 6.12 1003 14.0

J 8 11.88 1172 11.64 1162 11.25

K 9 7.21 1357 7.21 1338 12.25

1. 10 5.56 925 5.53 954 12.0

\1 11 8.84 1419 8.88 1388 11.5

N 12 4.55 984 4.56 974 13.0

() 13 11.58 1111 11.72 1133 11.5

P 14 6.57 1046 6.41 1070 11.75

Q 15 5.76 :336 5.75 1336 12.0

H 16 4.21 961 7.43 1027 11.25

S 17 6.01 102 6.00 1009 14.75

T 18 6.82 1063 6.82 1084 14.75

f* 19 7.08 1061 7.04 1085 13.0

V 23 4.51 1016 4.66 1044 13.25

M 21 7.37 1117 7.16 1147 13.25

X 22 10.30 1105 10.39 1089 10.75

Y 23 4.9^ 1041 8.36 1085 10.75

I 24 1153 5.78 1133 13.5

ZZ 25 8.21 1173 8.21 4.83 10.75
( SLAH 14:
1205, 10.151

From Table 3-VI, we see that the most important parameters, in order of importance, are
. fuel thermal conductivity, peaking factor, and high-flow film boiling heat transfer. The quantity

affected by these three parameters is energy stored in the core which, therefore, seems to be the

, primary factor in determining PCT. This is clearly a reasonable result.
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Examination of the calculated ItEIAP results gives an indication of the reliability of the

importance ranking of the model. For exan...lc, the importance of fuel thermal conductivity is

sistent with the initial stored energy s?.own in Figuie 3-15. Since ItElj.P calculates fuelcc .

temperatures by solt ing conduction equations from the outer clad surface toward the centerline,

higher thermal conductivity will result in a more uniform temperature distribution, and consequently ,

lower fuel temperature and internal stored energy. Another example is that, for times earlier than

PCT occurrence, the dominant mode of heat transfer in most of the calculations is the Condie-liengston

correlation. This behavior is consistent with the high ranking of the mode 6 heat transfer dial in

Table 3-VI.

.
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It was somewhat surprising that the peaking factor (variable 18) was so much more in-

fluential than the power level (12). IIowever, as may be seen in Tahle 3-111, the range of the dial

for the former is almost three times that for the latter. Also, the relative unimportance of ECCS

temperature conforms with the data in Table 3-VII (compare PCT times and accumulator turn-on

times). In fact, that it appears at all among the first nine terms is probably an indication that its

calculated importance lies below the limit of reliability of the model.

Input parameters related to hydraulic behavior (e.g., cr itical flow, slip, etc.) do not seem

to have had much influence on PCT. DN13 is also conspicuously absent from Table 3-VI. These

variables might, indeed, not be too important, but we should remain cautious because of the

relatively small number of runs upon which these conclusions are based.

3.4 It e fe rence s

1. Light Water Ileactor Safety itescarch Program Quarterly Ile po rt, April - June 1978,
S A NIi78 - 1901, Nuclear Fuel Cycle SJety itesearch Department, Sandia Laboratories,
Albuque rqu e, NM, January 1979.
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4. I?ll! It E LAP Model Development

.

4.1 Summary (M. Borman, R. K. Byers,11. K. Cole, Jr,)
.

lipper head injection (l'IID describes a new emergency core cooling system developed by

Westinghouse for pressurized water reactors using ice condenser containment systems. A nalytic

tools (predominantly it ELAP4) presently availale for studying IOCA are considered inadequat2 for

treating several phenomena whose import has increased with t'III. These include, among others,

e Increased im ,r tance of two-phase flow with slip,

o Occurrence of top quench in the core, and

l'pper head draining during refill.e

Sandia has embarked on a model development and testing program to improve the treatment

of these phenomena in the HELAP4 cede. Following are the results for this quarter.

I: sing HELAP, we continued our effort to obtain a physically reasonable analysis of a LOCA

in a plant with 1:111. The results of various forms of IlELAP calculations exhibit large oscillations

Iwhich we regard as unrealistic) whenever our slip model, incorporating the Westinghouse-Zuber

(WZ) drift-flux correlation, is employed. In those cases investigated in detail, these oscillations

were " triggered" by a transition from the film-annular to the churn-turbulent-bubbly flow regime.

This wa, true even when the transition was continuoue, with the profile slip (C ) and drift-flux
o

W .) correlations each made continuous functions of the void fraction.
RJ

In an attempt to increase our understanding (' the problem, we performed a series of calcu-
lations using various combinations of Sandia's modifications to HELAP4/ MOD 5. These modifications

included:
~

corr 'eted potential energy treatment and improved flow estimatore
n

(for choking) previously described,'

NIFTC recycle changes related to donor-cell definitlo",e

Westinchouse quench heat transfer,o

junction void-fraction definitton derived from cont'.nuity-wavee

considerations (and used consistently in the relative velocity
correlation and in the mass fluxes), and

e WZ correlation.
.

In add. tion, one calculation waa performed using the improved water-propeities package developed

for RCLAP4 / MOD 7 at INCL.
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These calculations, described in following subsections, revealed a number of interactions

between the models, some of which are still imperfectly understood, liowe zer, the re was no
evidence that anything other than the WZ correlation itself was involved in the observed oscilla-

.

tory behavior. Moreover, the cause could not be as simple as the comparatively high relative

velocity permitted by this correlation; no oscillation was observed in a calculation using generic
,

MOD 5 slip with input parameters chosen to permit a much higher relative velocity.

Finally, a calculation was run with the WZ correlation altered by quadratic spline smoothing
at all transition points, making tC /to and tV ./to continucus as well as C and V - The intent

- o gj o gj
was to further reduce the strength of any " trigger" associated with a change in flow regime i:. the

hope of avoiding an oscillation. This hope was frustrated; an oscillation was clearly observed
when the transition region between film-annular and churn-turbulent-bubbly flow was entered.

This led us to perform an analysis of the stability of the basic differential equations solved by

the code (see Section 4. 3 L We conclude that these equations are unstable (i.e. , nave complex

characteristics) if the difference between the continuity-wave velocity and the average (mixture)

velocity--that is, the velocity of m mentinuity wave relative to the mixture--is larger t. 7 some

fraction of the sonic velocity. In the absence of slip, this difference is zero because " continuity
waves" reduce to a simple translation, at the material vdocity, cf density variations. For the
WZ corrMation and counter-current or small co-cur rent flow, this velocity difference in the
ca r sition region is me-h greau.r for the churn-turbulent-bubbly regime than for the film-annular

1 r inregime. This offers a plausible explanation of our observed calculational instabilities, but does 33
not suggest any solution.

=

. . _

During the course of this work, we became aware of relevant work done in Great Britain
*(R E LA P-UK). They concluded that stability of the equations depends on the form of the slip

correlation employed, and they placed primary emphasis on the role of " profile slip" (corresponding
to the distribution parameter C / 1 ). The correlation employed in RELAP-UK has been con-g

structed to yield stable equations, essentially by making C a function of the net mass flux, G,
o

which leads to curved dritt-flux lines. We also note that RELAP-UK uses a consistent junction
vcid fraction, defined in a way which rarees with our prescription except for one case. This is the

case of gravitationally unstable (low a over high o ' counter-current flow, where their prescription
leads to a greater relative velocity than does ours.

We are unsure how best to proceed with slip-model development. The WZ correlation per-
haps could be modified to give stable equations. The necessary modification is not obvious, and

the resulting correlation would probably be quite different from the original. A change involving
C as a function of mass flux (as in RELAP-UK) would require significant modification of the code.o

Moreover, it is somewhat disturbi'.g that a correlation derived from experiment should lead to an e

instability; perhaps the form used for the conservation equations is involved in some aanner.

While we have not devotem much time to this possibility, it may be possible to cast the equations

in a stable form only slightly more complicated than the present drift-flux form.

"
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4.2 Ulli Calculational Procress

All calculations referred to in the previous section and described below used the most recent

UlfI nodalization described last quarter (designated UllL); the most important changes in nodali-

zation have been shown to be the azimuthally divided (" double") downcomer and split intact cold
- leg with pumps downstream of the split. Figure 4-1 shows, for convenience, the UllL nodalization,

and Table 4-I summarizes the various important characteristics of the calculations performed.

TABLE 4-I

UllL2 Calculations

UllL2: Westinghouse quenct , NIFTE recycle, WZ slip
Ull L2 F: UllL2 with potential energy correction (PE)
Ull L2 FT : Westinghouse quench, NIFTE recycle, PE

MOL)5 slip (Max V . ~ 36 ft/s)
slip

U ll L2 FT -N e w: EllL2FT with MOD 7 water properties routines
Ull L2 FS: UllL2FT with Max V ~ 1000 ft/ssi.tp
Ull L2 FD: UllL2 FT, but &r te rm zero

UllL2G: EllL2 F, but WZ slip spline-smoothed
Ull L2 G 1: UIIL2G, but C 1. 0 for co-current flow=

g

In the following pages we examine the effects of the potential energy correction (Section 4.2.1);
the generic slip correlation (4.2.2); and spline smoothing of the WZ correlation (4.2. 3).

4. 2.1 The 1; ' 2 and UIIL2F Calculations

To assess any combined effects of implementing the potential energy correction, along

with the rest of our modifications, we compared results of two runs which differ only in that regard
(Table 4-I). As in previous similar comparisons, the energy correction seems to affect only the

amount of liquid present in the steam generator primaries at late times (see Figures 4-2 through
4-5). In this case, however, the effect is a much smaller one. Figure 4-5 shows a mass difference

of perhaps 205, where previously we have seen factor-of-two differences. We now suspect that

the phenomenon is not simply one of gravitational force alone, but involves complex inte actions

with our NIFTE recycle modifications. Other evidence of such interactions has been reported
9

p reviously. ~ These could cause, for example, different condensation behavior and ratios of liquid-

to-gas masses, but we have not yet determined that this is indeed occurring.

.
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4.2.2 Calculations with Generic Slip Correlation

Itt sults frem last quarter gave strong indications that Sandia's modifications to the NIFTE
- recycle logic were not the source of the flow oscillations observed in downcomer junctions. We

therefore wished to determine whether the WZ correlation for the slip velocity could be at fault.

. The calculations called UlIL2 FT, UllL2 FT-New, UlIL2 FS, and UllL2FD were run with various

combinations of the " generic" slip velocity, as desribed in the Hl:!.AP4/1101)5 m anu al. This

correlation is of the form

VSL = V -V = ( 10 + S Ao) n. (1 - 6.)1 . 25 Ey
lig gas 1 J j

where

ils 11tn la , junction void fraction |&j ,

i m

O* * "*I i

( * "Hl: LOW '" Allo \ E I *

and

S and o are input parameters.

In UllL2 FT and U.iL2 FT-New, S was chosen to have the value 4. 0, and a was taken as
1 m

0.995. EllL2 FT-New i.scs the RELAP4/110D7 steam tables and associated routines. '. These

choices permit a maxi num relative selocity (in the gravitationally stable case) of about 36 ft/s.
-8

The UH L2 FS calculat'.on used S equal to 4. 0 also, but a was chosen to be 1. 0 - (1. 0 x 10 ),
1 m

or 0. 99999999. This permits a corresponding maximum relative selocity of about 1000 ft/s. The

goal here was to determine whether the presence of very high relative velocities could acconnt

for slip-related difficulties. Finally, UIIL2FD was run with S = 0. 0 and a = 0. 995; this was
1 m

an attempt to check the effect of a discontinuity in the correlation when local conditions oscillate

between gravitationally stable and unstable.

These calculations all ran very smoothly, and more efficiently than others in recent experi-

ence. See for example, Figures 4-6 and 4 ~, comparing computational speeds against generic

MOD 5 and 110D6 calculations. In addition, UllL2 FT UlIL2 FS, and UllL2 FT-New produced

essentially identical results. Figures 4-8 and 4-9 compare downcomer flows and downcomer

crossflows with and without the AICD7 water properties package. Similar comparisons for UlIL2FT

vs UIIL2 FS appear in Figures 4-10 and 4-11. These are regions where we have previously experi-

enced significant difficulties arid large slip velocities. Figures 4-10 and 4-11 also demonstrate that

,
there is no significant effect on the large disparity in relative velocity pern itted. This was true.

even of normally verv ensitive quantities, such as quality in the core and guide tube volumes (Fig-

.

In still oQer quantities, such as total stored energy and slab temperatureures 4-12 and 4-13).
(Figures 4-14 and 4-15), the plots show even smaller differences.
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The or.ly calculational diffict.lty we experienced in this series c f runs was with UH L2FD,

u.hich had to be " coaxed" through a period around 40 s b- means cf a timestep alteration (Fig-

u re 4-16). Once this period of difficulty was passed, the alculation proceeded as well as the

others.

In comparing these calculations with previous, generic, MOD 5 results, the only other signif-

icant differences we observed w ere improvements in the calculations of the downcomer flows

(Figuros 4-17 through 4-19), and the early heat tiansfer associateJ with the different quench logic.

Core slab temperature histories are shown in Figures 4-20 through 4-22. Quantities such as
stored er.ergy, uppor head mass history, and drain flows were r ot raarkedly affected, as shown

in Figure s 4-2 3, 4-2 4, and 4-2 5, re spectively.

We feel that these calculations provide strong evidence that the instability involves the slip

correlation alone, and that the difficulty with the WZ correlation is more complicated than the

relatively large slip velocities it pe rmits.

An analysis of the stability of the basic differential ?quations has been performed, (see

Section 4. 3 ). We conclude that these equations are unstable (i.e. , have complex characteristics)

if the difference between the continuity-wave velocity and the average (mixture) velocity -that is,

the velocity of a continuity wave relative to the mixtare--is larger than some fraction of the sonic

velocity. For the WZ correlatton and countercurrent, or small cocurrent flow, this velocity
differen e in the transition region is much greater for the churn-turbulent-bubbly regime than

for the film annular regime, which offers an e <planation of the calculational instability problems.
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Figure 4-20 Clad Temperature, Top of Ho+ Assembly, Generic vs Modified HELAP
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Figure 4-22. Clad Temperature, Middle of Ilot .sssembly, Generic vs Modified RELAP
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During this quarter, we became aware of relevant work done in Great Brhain (RI; LAP-
UK). They conclu Jed that the stability of the equations depends on the form of t pcorre-

lation, with " profile slip" (or distribution parameter C / 1) being very important. 1 corre-.

lation used in HELAP-UK has been constructed to yield stable equations, es :entially by making
* C a function of the net mass flux, G (which leads to a curved drift-flux line). We also note thato

HELAP-UK has a consistent junction void fraction, defined in a way which agrees with our

prescription except for one case. This is the case of gravitationally unstable (low o above high a)

counte rcurrent flow, where their prescr iption leads to a flow solution nearer to the flooding curve

than does ours. We -efer to this situation as " gravitationally unstable" because it corresponds to

a high density mixture above a low density one, at least for the pressure below not much greater
than the pressure above. The generic HELAP4/ MODS correlation also has an enhancement of

relative velocity for low o os er high o , not limited to counter-current flow. In one of our calcu-
lations this enhancement was set to zero by an input parameter with no clear effect on calculational

stability. The re fo re, we have not pursu<d the idea er adding such a modification to the WZ corre-
lation.

We are unsure at this point how best to proceed with slip-model development. The WZ corre-

lation could perhaps be modified to give stable equations. The necessary modification is not obvious,

and the resulting correlation would probably be quite different from the original. A change involving
C as a function of mass flux (as in RELAP-UK) would require significant modification of the code.o

Also, it is somewhat disturbing that a correlation derived from experiment should lead to an
instability; perhaps the form used for the conservation equations is involved in some manner.

While we have n ,t devoted much time to this possibility, it may be possible to cast the equations
in a stable form only slightly more complicated than the pret.ent drift-flux form.

4.2.3 Calculations with a Smoothed Slip Correlation

As a final attempt to eliminate " triggers" for the observed slip instability, the continuous
slip correlation described in Reference 1 was further modified to make the first derivatives of

V . and C continuous. This was done by introducing quadratic (in o ) transitions at all corners"
RJ o ~

These were fit in the range where the candidate C 's differed by less than 0.1, and where the V .'so g]
differed by less than 0. 2 Y Continuity of function and derivative fully defines each transition,

RJ.B.
and the equations may be easily derived. The correlations are illustrated in Figure 4-26

A calculation, denoted UllL2G, was performed using this correlation and the UllL double-
downcome r nodalization. The pressure in Volume 47 (the first downcomer node below nozzle

elevation on the intact loop side), the void fraction, and the volumetric fluxes in Junction b4

(immediately below Volume 47) are s own in Figures 4-2 7, 4-28, and 4-2 9, respectively. An
unphysical oscillation appears short after Junction 54 enters the transition region between film-
annular and churn-turbulent-bubbly flow. Close examination suggests that it is the C transition

o

which is responsible, as shown by the " step" in Figure 4-27 and the change of slope in Figure 4-29

at about 35. I s when the C transitions are entered.
o
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Clearly, this approach does not completely solve the basic problem, and either a much

greater change in the correlation or some change in the conservation equations is r.?aded for

stability.
e

A second calculation, UllL201, was performed using the spline-smoothed WZ correlation,

but with C set to unity for cocurrent flow. This was motivated by the observations that, in
o

generic MOD 5 slip, C always takes this value, and the correlation used in H ELA P-UK employs a
c. -

C which eprruches unity for high mass fluxes. We base not yet examined the results in great

detail, but c ; i ef inspection has led us to believe that there may be some merit in this technique.'

Figures 4-30 and 4-31, showing flows from the downcomer ta the lower plenum, indicate that

some improvement has been achieved. Oscillations begin in both calculations, but -2G1 seems to

recove r. Figures 4-32 throug.14-35 demonstrate that other quantities in the calculation do not

seem strongly affected, although there is an as-yet-unexplained change in heat transfer in the core

near 40 s. (See the temperature history in Fig. 4-35. ) The flow improvements, however, seem

encourmging, and we intend to pursue this method of calculation.

4. 3 Stability of the Equations

We wish to investigate the stability of the general drift-flux model. The first step is to cast

the partial differential equations describing the conservation of mass, of momentum, and of energy

in characteristic form. In the absence of friction, gravity, and heat sources, the approximate one-

dimensional forms used in RELAP 4 are

> >

+g G=0, (1)-p

2

- G + -- P + (1-a) - (c g--) = 0 (2)
, , , i

,

G ~
| | 3 1o--

1 G'5 1

-f _ + p*> 1+ - gVR - 7 =0, (3)av ;h + (1 - o) v ch +g
-

c :+77~
.

~ (

The notation is conventional, with subscripts . 1d g referring to liquid and gas phases, respectively,

while unsubscripted variables represent average (mixture) quantities. In Eq. (2), the coefficient

a is 0 or I as momentum flux is included or neglected. In the presence of slip, Eq. (1) is correct,

t/txbo(1-o);f c (v -V ) /c and Eq. (3) omits similar relative-Eq. (2) neglects a term, .

L g g i

velocity terms in the kinetic energy. These terms are at most comparable to the average momen-

2tum-flux term, t /t x (G /; ), which is often neglected in HELAP4 calculations.

-

9
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The energy equation may be simplifed by noting that

dP *
C (4)apvh + (1 - a ); y h = c ht + (j - U)T dk'atg

whe re

je av + (1 - a) v (5)g i

is the volumetric flux ,

Us G/p (6)

is the awrage f mixture) velocity, and

dP a e h -h
Sat _ "f

dT
-

g g f (7)
c -c T
f g

is the slope of the saturation line. Note that Eq. (4) is still correct for a single-phase state:
if a = 0 o r 1. j -U =r

The conservation equations m 3w be put in the form

, , ,

(g + U g) Og U = 0;+ '8)

(g* + U g)U+1- p- P - a g(cU)=0
* * * 2

(9)

EdP, , , o 1
, g

T(g + U g) S + - U g (cU~) + 7 g (j-C) T ' '"
dT

In deriving Eq. (10) the differential relations dc = Td5 + (P/p ) de and dh = TdS + (1/c) dP

were used, as was Eq. (4). If momentum flux is included (a=0) and there is no slip (j=U), Eq. (10)

gives the conventional result that S is constant on the material characteristic dx = Udt. F in ally,
we form the pressure equation from the relation

dP = dc + dS, (11)
S c

.

n i9.,0:4
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noting that

E c ( trg)e ,

where c is the equilibrium sonic velocity The fin ; *erm of Eq. (10) is nonzero only for a two-

phase state. Therefore in this term we may use

*P 22 t'r 2 2 dI> Sattwo-phase

\g g p e (I= cc =

dT
c S

The resulting pressure equation is

[ dP3 > 9 > , o 9 x
~

fn (T :g' (14)g j = -yar - (c t'-) - cc U - U) g+ C P + cc~

w he re

Y
,
- -

is tho Grueneisen ratio.

In the drift-flux model, the set of 1 qs. (8), (9), and (14) is closed by prescribing j as a function
of c G, and P with P serving to determine the phase densities p and c . This allo.vs some

1 R
s im plific at ion s . We start with

= f$l_ dG - |E f i, P l.11I dP. (16)dc +dj
!G_ c. P \tc \tPlc,i-

and use

<

U single pha se

|

=< (17)
'' O

j, P (t G /to).
J. P =y

(ec/to). CW two phase
A 3. I,

where

"C W - (tfo v
) D I 1 - "I V

= -
p

E (18)20 #), p j, P
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is the velocity of a continuity wave. M aking the obvious interpretatian that the continuity-wave

velocity in a single-phase material is the particle velocity U, Eq. (~ 4) becomes

a

3'h
> 2 9 =U

~

9 >c *p
U g)P + c{ c + 2ayU~) g +

.
-

h(e P (U - v + 7+ '

CW

w he re

et f _I>

(20)E c
r,

o 9
Td P /dT~

f O P 'l,I
~

l+ (21)j* cc +
TdP /dl dP /dT

Sat Sat

,~2 -c and j ~ 0*

Note that the y term is absent if momt itum flux is included and that v ~ c
CW

for a single-phase material. Eqs. 8, 9, and 19 may be written in matrix form as

c
* A (22)0.Ug + (U + 3) - =

P

is an eigenvalue of.A. U + A is the slope of a characteristic; that is, U + 1 is the velocity ofIf a

some " signal" in the mixture. For stability all three eigenvalues must be real.

For the simplest case, morrentum flux included and no slip, the matrix is

0 : 0

0 0 1/; M. F, , no slip, (2 3)A =

=
9

_

j {.0 cc' o

f.
"

for which thc characteristic polynomia. and its roots are

3 2
> - i. c =0

M. F. , no slip, (2 4)

> = 0, * c

That is, signals are propagated with velocities U, U i c.

If there is no slip, and the momentum flux term is neglected (a=1),
'
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._
-

O p 0

\ ~C /0 ~2U I/C"

L no M. F, , no slip (25),

3 ' 9
~yU p(c + 2 >U ~ ) 0

- -

-

and the characteristic polyncmial is

3 9 ~2 9 3
). + 2EE - ( c + (2y- 1) U~)1 - y U =0. (2 6)

This polynomial has real roots, and the equations are stable, if and only if

9' 3
U~[c'5 (1 2] ' 7 [c~ + (2y + 1 ) U~' ~

-y- -) U
1 1 9

(2 7)

While far from obvious, it rray be sho vn that Eq. (27) g satisfied for all U so long as y >0.
Therefore, the homogeneous equations neglecting momentum flux are stable, even though iney are
clearly not correct for supersonic flow.

With iriclusion of both slip and momentum flux,

O c 0

A 0 0 1/c M . IE , Slip, (28)~

c (U-v, .) ; c j*

_

and the characteristic polynomial is

~
). -j*1 - c ). + (v - C) = 0. M. F. slip (29)gy

If the effects of slip are small, i. e. , j + and (v - U) are small, the characteristics have slopesgy

I ~

M. F. , small slip (30)+U*=v g ,. 7 (30 -v + j*) i

That is, sienals are propagated with the continuity-wave velocity, and sith a slightly modified sonic
velocity relative to a slightly modified aserage velocity.
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The condition that the roots of Eq. (20) are real may tje written as

~2 (l'-s j*f+ 1* s E *
+ j* ( 31)+

This is clearly a limitation on {U - v ,,jf' The general form is not enlightening; but if we

assume j * is small . ti e reFult is

9

|I-V , i ~c c= 0.385 c~ for j *
~

(M)c ,

The re fore, for stability, the drift-flux correlation j (c, G, P) cannot permit e continuity wave to

propagate relative to the as e rage velocity at more than some fraction (~0. 385 for j * = 0) of the

"ffectis e sonic velocity.

The case of elip incladed but momentum flux neglected, while involving more complicated

algebra, produces no new information; there is some (albeit very complicated) maximum velocity

of a continuity wave relative to the mixture above which the equations are unstable.

Application to the Westinghouse-7uber Correlation -- As shown in the previous section, the
stability requirement for the present drift-flux equations is

| v ,%. - G /c l < lle (33),

L

where it is some extremely complicated expression. From the definitions

j = j - j =oC i+oV . (34)g i o g)

(ti /to (35)V
CW g

J

cp +c j, (36)Gr
g

we find

eC
o

v -G/c- a + (C - 1) p /p j+ o( V ./c + otV ./tcr (37)CW eo o f m gj m gj

At moderate pressures, say 2 5 psi, the churn-turbulent-bubbly and film-annular correlations

inte rsect at a = 0. 82. For the former

-

g i
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1. 2 (38)C =
,

* (39)V .
=v ,

gjls =b

~

where

- ,,11/4
v = 1.41 cre ( p - c )/c ~ ~ 2 ft/s (40)
=b f g f

T hen

( 41)=b)/;.( v ,%. - G / c)Il r(0.2j += c ,

(

while for counte rcurrent flow

. /(1 - oC ) ~ 50 v~ V . /C si so V- 0. 8 3 . o eb (42)- c ou nte rc u r re nt gjli=t> g ]Il o ,

which leads to

120 ft/s (43)10 f t / s *= 4. 6 - s ( v , %. - G / c)11 s 61 v a
=b L =b

For film-1:nular flo >. ,

1.20 (44)1/(o + 3 - o;3 )C ~=

where

3 ' (p /c )1/ /0.49 0.066, (45)
R f

a s' ' rnay ne written in the form

V . = 4. 63 (1 - o ) C v (46)
gj o -\ =b

after some manipulation, we find

=
' |-

-
-

<r , 9o

( v . W.- G/c)A C " (1 - n )~ s c - o' c /c/ (1 - $)j + 4. 63 v (47)
=b.C o f g,/ }_

The lim;ts for countercurrent flow are the same as for bubbly flow, Eq. (42), but now.

0. I ft/s = 0. 044 v s ( v ,g, - G / c ) s 0. 69 v = 1. 2 f t / s (48)

4 6[m III7 0L/



For these conditions, P = 2 5 psia, o 0. 82, the sonic velocity isa

e = 30 ft/s (49) ,

T he re fo re , if B in Eq. (33) is of the order of unity, we would expect churn-turbulant-bubbly flow
,

to be (probably) unstable for countercurrent or small cocurrent flow while film-annuSr flow is

probably stable. This is in apparent ag-eement with our calculational e> perience.

4. 4 FR A P and FICOD

A continuing eff',rt is being directed towards developing a FitAP-FICOD package capable of

analyzing the post-t'.owdown conditions of a reactor equipped with a I;Hi system. The FIl AP T4

code is a single-pin heat transfer code which uses the time-dependent coolant properties calcu-

lated by flELAP4-MOD 5 during the blowdown portion of a IOC A. An attempt was made to use the

Fit APT 4 code with all of the LACE (Licensing Audit Code) options activated in conjunction with

output from the I HL1 blowdown run. It was discovered that LACE Option 14 (Fuel Deformation)

was not contained in our version of the code. Additionally, the gas thermal conductivity option

(Option 16) we old not calculate because of an undefined variable, the fuel melt temperature. In

order to exercise the FIlAP T4 (LACC) program, the two modes were removed f_ om the compu-

tation al loop. The coding required to complete the LACE option package has been requested from

IN E L.

Future Work -- The two nonfunctioning LACE models will be updated upon receipt of a cor-

rected version from IN EL. Sample celculations will be made using ona of the UHL2 blowdown series

to determine the sensitivity of I'LOOD to the initial quench height and midplane temperature.

.
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