
REVIEW GROUP CONFERENCE ON AVANCED
INSTRUMENTATION FOR REACTOR SAFETY RESEARCH

July 29 - 31, 1980

Oak Ridge, Tennessee

-DISCLAIMER.

This book was prepared as at, account ol wot k sponsoied by an agency d the Un.tea States Government.
Neil!*r the United States Goverrment no' any agency wieieol, ncr any ol their emoloveei. makwiny
warranty, express ol implied, or assumw arv legal liability or ieiponsib>1i,.> lor the accuracy.
comqlelefiess, or usefulness o l any infotmation, apparalui. product, or » ( y w disdosetf. or
represents that its use ivould not infringe prUaiely owned cghts. Reference herein lo any specific
commercial piodun, pfocew, or service by trade na-ne, trademark, manufacturer, or otr-erwise. does
not oecessaiily constiluia or impiy its endorsement, recommendation, or favoring by t.ie United
States Government or any agency tncreof. T>« viei*^ and opinions of authois exp'essed herein do not
necessarily state or reflect those of the United States Government or my ayertty thereof.

INSTRUMENTATION NEEDS IN LWR
SEVERE FUEL DAMAGE EXPERIMENTS

R. D. McCormick

Idaho National Engineering Laboratory
EGaG Idaho, Inc.
P.O. Box 1625

Idaho Falls, Idaho 83415

O«TWBUn«| i



CONTENTS

ABSTRACT 1

1. INTRODUCTION 1

2. EXPERIMENTAL MEASUREMENT REQUIREMENTS DURING SEVERE

FUEL DAMAGE TESTS 3

2.1 PBF Phase 1 Severe Fuel Damage Tests 3

2.2 PBF Phase 2 Severe Fuel Damage Tests 5

2.3 Other Possible In-Pile Core Melt Experiments 5
3. DESCRIPTION OF INSTRUMENTATION NEEDS AND POSSIBLE RESEARCH AND

DEVELOPMENT 7

3.1 Fuel Rod Instrumentation 8

3.2 Environment Instrumentation 9

3.3 Debris Bed Coolability Instrumentation 1?

3.4 Molten Core Material Instrumentation , \?

4. CONCLUSIONS 14

5. ACKNOWLEDGMENTS 14

FIGURES

1. PBF severe fuel damage test assembly concept 15

2. Molten core-concrete interaction 16

3. Molten core-substratum interaction , 17

4. Debris bed coolability concept 18

TABLES

1. PBF Phase 1 Operational Requirements 19

2. PBF Phase 1 Measurements , 19

ii



LEGAL DISCLAIMER -

NOTICE

This report was prepared as an account of work sponsored by an agency
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 legal liability or responsibility for any third
party's use* or the results of such use, of any information, apparatus, pro-
duct or process disclosed in this report, or represents that its use by such
third party would not infringe privately owned rights. The views expressed
1n this paper are not necessarily those of the U.S. Nuclear Regulatory
Commission.

COPYRIGHT -

The submitted manuscript has been authored by a contractor of the U.S. Gov-
ernment under DOE Contract No. DE-ACO7-76IDO157O. Accordingly, the U.S.
Government retains a nonexclusive, royalty-free license to publish or repro-
duce the published form of this contribution, or allow others to do so, for
U.S. Government purposes.

CREDIT LINE -

Work supported by the U.S. Nuclear Regulatory Commission, Office of Nuclear
Regulatory Research under DOE Contract No. DE-AC07-76ID01570.

L



INSTRUMENTATION NEEDS IN LWK

SEVERE FUEL DAMAGE EXPERIMENTS

R. D. McCormick

Idaho National Engineering Laboratory

EG&G Idaho, Inc.

P.O. Box 1625

Idaho Falls, Idaho 83415

ABSTRACT

The Class 9 type nuclear accident is defined and the Three Mile Island

type accident and proposed Idaho National Engineering Laboratory experiment

series are described in some detail. Different types of severe fuel damage

experiments are briefly discussed in order to show typical measurement

requirements. General instrumentation needs and problems encountered in

Class 9 accident research are outlined. It is concluded that the extremely

high temperatures, high nuclear radiation fields, and oxidizing atmosphere

will necessitate instrument development programs. Noncontact type sensing

will be necessary in most of the molten core experiments.

1. INTRODUCTION

The accident at the Three Mile Island (TMI) nuclear power station has

emphasized the importance of beyond design basis accidents in licensing and

safety reviews of light water reactors. Core behavior during these hypo-

thetical accidents has not heretofore been experimentally or analytically

addressed in the Nuclear Regulatory Commission (NRC) or Department of

Energy (DOE) light water reactor safety research programs. There is a

strong need for a better, mechanistic understanding of light water reactor

(LWR) core behavior during Class 9 accidents and an evaluation of proposed

mitigation features. (A Class 9 accident is defined as a nondesign basis

event in which core damage can vary from significant to meltdown.)



The Class 9 accident has been considered a low probability, high con-

sequence core melt occurrence. Tests to investigate the phenomena which

might occur during a Class 9 accident may show that the consequences are

not as severe as currently expected. Thus, this program could save a sub-

stantial amount of money by resulting in better or more limited design

features for Class 9 accident mitigation.

A hypothetical LWR Class 9 accident (similar to TMI) could consist of

the coolant boiling away and progressively exposing more of the fuel. As

the core heats up, the following is expected: the cladding balloons and

ruptures, the zircaloy cladding oxidizes (highly exothermic), the cladding

melts, the melted zircaloy forms a eutectic with the (JO2 (fuel lique-

faction), the rods fragment, a rubble bed is formed if the core is suddenly

cooled. The rubble bed should remain subcritical. A worst-case accident

scenario would occur if the core continued heating until the fuel melted.

The molten mass might then melt its way through the reactor vessel,

containment, and into the earth.

This paper describes a series of LWR severe fuel damage experiments

which are to be performed at the Idaho National Engineering Laboratory

(INEL) Power Burst Facility (PBF), and some other experiments that have

been proposed to investigate more severe accident scenarios. The exper-

iments to be performed at the INEL consist of five Phas^. 1 tests that bound

the TMI accident conditions in rate of fuel rod cladding temperature rise

and rate of cooling. Fuel temperatures will remain below the melting point

of UQp. More PBF experiments (Phase 2) are being proposed in which the

fuel temperatures are raised to the melting point of U02 (~3i?00 K).

The most severe core damage accident is that in which the cere remains

uncooled and melts. The molten core experiments to be discussed are debris

bed coolability, fuel melting and flow blockage, molten core and reactor

interaction, molten core and secondary containment interaction, and earth

penetration by a molten core.

The desired instrumentation for these experiments is discussed and the
research and development possibilities are presented. Class 9 experimental



instrumentation needs,vary f rom |those which present technology'can provide

to those whi,ch require extensive research and development.

2. EXPERIMENTAL MEASUREMENT REQUIREMENTS DURING

SEVERE FUEL DAMAGE TESTS

This section describes the INEL severe fuel damage experiments and the

measurement requirements for all the planned, proposed, and hypothesized

severe core damage experiments. Measurement requirements, are well defined

for the INEL tests, but are mostly conceptual, for the hypothesized

experiments. /

2.1 PBF-Phase 1 Severe Fuel Damage Tests

The INEL Power Burst Facility severe fuel damage experiment program

will initially consist of a series of five tests, each of which will pro-

vide information leading to a better understanding of the response of an

LWR core to a TMI type Class 9 accident. figure,'''! shows a typical severe

fuel damage test train for the PBF. „ • ' [;,J

The Power Burst Facility is a light water moderated reactor with a

maximum steady state power of 28 MW. It consists primarily of an open tank

reactor vessel and-driver core region; a flux trap region in the center of

the driver core that contains an in-pile tube (IPT)~ in. which the test fuel

is located; and a pressurized water flow'loop that permits? control,, of the,

test fuel roa coolant flow rate, temperature, and pressure within typical

PWR levels. The useful test region within the reactor core is about 0.12 m

in diameter and 0.92 m long. The test trains are mounted within the IPT,

with the experimental fuel in the reactor test region. Severe fuel damage

experiments will be performed using a 32-rod bundle, with each rod filled

with helium to a cold pressure of 3 MPa.

The system operational requirements are similar for each of the five

planned tests. After completion of a nuclear Reconditioning operation,

the system pressure will be decreased to about 7 MPa and held constant. ,

The test will be initiated at a low power level that simulates the expected



decay heat of a high hurriup core flow. The coolant flow to the test bundle1

will be reduced to a low level and the test bundle will uncover as the

water boils away. Bundle uncovering will continue until the liquid reaches

an equilibrium level near the bottom of the bundle. At this equilibrium

level, the rate of steam production will be matched by the inlet flow to

the test chamber.

The exposed fuel rods will heat up at either 0.5 or 4.0 K/s, depending

on the reactor power setting. As the rod cladding becomes hot, it will

balloon and rupture. Rapid oxidation of the cladding will then take place,

and as temperatures near 2300 K, the cladding will begin to melt.

The test will be terminated at this point, either by reducing reactor

power and allowing the bundle to cool down slowly under the low flow con-

ditions, or by increasing the cool&nt flow and rapidly quenching the bun-

dle. Tests terminated by a slow cooldown will preserve the bundle struc-

ture for posttest examination. Tests subjected to a quench will also

include flow measurements to evaluate the hydraulic characteristics of the

resulting rubble bed.

Table 1 summarizes the first five PbF tests and shows the basic

operational differences.

The measurements desired for this experiment and tne expected or esti-

mated ranges are listed in Table 2. Specified fuel rod measurements are

fuel center line temperature, claddinc temperature, fuel rod internal

pressure, and plenum gas temperature.

Measurements to be made within or on the test train are neutron axial

flux profile, hydrogen and fission product release, coolant temperature,

coolant differential temperature, coolant flow, coolant pressure, and cool-

ant differential pressure. The coolant temperature and mass flow measure-

ments are required to determine the energy balance and the average heat

transfer coefficient of the fragmented fuel rods. Measurement of coolant

pressure differential is required to characterize the fluid dynamics within

the rubble bed.



/
/
iA mixture of fuel and core components wi.H' be contained in the test

chamber after quenching. Information fs\desired about the hydraulics of

this rubble, such as resistance to watjer-f Tow before and after the pile has

dried out. There is concern that oncje the''bed dries out it will heat up

and will not be recoolable. Measurements are desired of/the bed temper-

ature distribution, bed dryout time,! the flutdization characteristics of a

dry bed, and the critical flow rates to keep the bed wet.

2.? PBF Phase ? Severe Fuel Damage/ Tests

The first group of PBF severe fuel damage experiments will range up to

the cladding melting point. Experiments are also being considered in which

fuel-core effects can be studied up to the melting point of the fuel

(^3200 K ) . These experiments would be designed to provide information on

the mechanisms of core movement (dribble or slump), interaction of the mol-

ten core with the lower support structure, steam explosion possibilities,

and recovery of cooling capabilities at each stage. Key measurements would

be similar to those discussed i,n Section 2.1; however, temperature

measurements up to 3200 K would be required.

2.3 Other Possible In-PiTe Core Melt Experiments

Following a sustained loss of the coolant in a core, the formation of

a molten pool of core material is possible. There are four areas of

interest that should be studied.

2.3.1 Interaction of a Molten Core With Core Support Structures

In this experiment, the molten core material would be contained in a

simulated reactor vessel within the test space. The purpose here is to

determine how molten core material interacts with the reactor vessel and

the structure supporting the core. Information is desired on the behavior

of the reactor pressure vessel, melting rates, melt crusting, the effect of

external vessel cooling, off-gas products, and final failure mode of the

vessel. Measurements of off-gas (rates and content) as a function of time,

progression of melting through vessel, thermal balance of system, and the



temperatures and volume of the melt are the most important. The molten
core materials can reach temperatures of 3050 to 4200 K (melting and
boiling points of

2.3.2 Long-Term Interaction With Concrete Basemat

These experiments would determine how the molten core materials would

interact with a simulated LWR concrete substructure (below the reactor ves-

sel). Figure 2 shows a schematic of a possible in-pile experiment. Of

prime concern is the rate of penetration, the gases emitted, fission prod-

uct sparging, and the configuration of ultimate failure. Knowledge is

desired of the core melt temperature (surface and interior), slag depth,

temperature under the slag, slag surface emissivity, volume and analysis of

the evolved gases as a function of time, and melt level. The most impor-

tant measurements are temperature of the melt, time function of gas

quantity and content, liquid levels, and the melt progression through the

concrete.

P.3.3 Interaction With Earth

These experiments would simulate the behavior of a melt after it had

breached the primary and secondary containments into earth-like material.

Figure 3 shows an experiment configuration in which the melt is contained

above the bed inside an experimental reactor. The core material is heated

and released into the substratum. The primary information desired is

direction of melt movement, cohesiveness of the melt, depth of melt, speed

oi" melt propagation, size of holes through the earth, freezing, and gas

emission. Desired measurements are melt temperature, propagation through

the bed, and time-dependent evolved gas volume and analyses. A three-

dimensional reconstruction of the melt penetration with time is a prime

interest in this experiment.

2.3.4 Debris Bed Coolability

Another accident scenario is that of the core material burning or
melting its way through the reactor pressure vessel and falling into a



partially,water-filled secondary containment vessel. A steam explosion

results and debris is distributedoabout the basemat area (assuming that the

containment holds). r

An in-pile experiment has been proposed (Figure 4) to study the cool-

ability of the debris bed. Knowledge is needed of the debris configu-

ration, consistency, density, distribution, and coolability. If the debris

can be sufficiently copied, -it will not penetrate the concrete bed. Meas-

urements of interest would be interior debris temperatures and debris

penetration of the concrete bed.0

3. DESCRIPTION OF INSTRUMENTATION NEEDS AND

POSSIBLE RESEARCH AND DEVELOPMENT

Some general characteristics of instrumentation problems for Class 9

type accidents are: (a) temperatures to be measured are higher than

present thermocouple technology in many cases, e.g., fuel rod center!ine,

molten core materials, and evolved gases; (b) the steam environment will be

Very oxidizing—many high temperature metals such as tungsten, molybdenum,

and jtantalum are not oxidation resistant; (c) the high temperature steam

and vapor environment will make environmental measurements^such as pres-

sure, liquid levels, etc., difficult;"(d) the severe environment makes

usually routine items such as routing electric leadsfand location of

instruments, .different from ordinary reactor measurements; and (e) there is

a definite need for new contactoahd noncontact instruments to make

in-reactor measurements not presently made.

Abasic problem with instrumentation:in the severe fu,el damage type

experiments is the difficulty of routing instrumentation leads out of the

core area. Because the fuel rods begin heating from the top, fuel rod

instrumentation must be on the lower part of the rod. In many/instal-

lations, leads must exit the experiment through the top, which means

instrument leads cannot be routed directly through the bundle because of

the hot, oxidizing environment at the top of the fuel.

One instrument needed in aljl molten core experiments is a device to

detect undesired melt-through of the experiment containment apparatus.



Precautions must be taken to protect the test reactor from this uncon-

trolled melting by providing a barrier and scramming the reactor. A major-

requirement of this melt detector is that it take up a minimum of the test

containment vessel, i.e., be thin.

3.1 Fuel Rod Instrumentation

Measurements of fuel rod cladding temperature, fuel centerline temper-

ature, rod internal gas temperature, and rod internal gas pressure will be

made during the Phase 1 experiments. A discussion of the instrumentation

and the measurement conditions is provided in the following subsections.

3.1.1 Cladding Temperature

Zircaloy fuel rod cladding melts at between about 2100 K and 2250 K,

depending on its oxygen content. These temperatures are within the present

range of thermocouple technology, but high temperature, oxidation resistant

sheath materials are not available. Externally mounted thermocouples would

be susceptible to oxidation in the steam environment. It is possible that

a thermocouple sheath material could be found to withstand the oxidizing

environment long enough to make the cladding temperature measurements.

Internally mounted cladding thermocouples are to be used f^r the severe

fuel damage experiments. Cladding thermocouple measurements should not

require much, if any, development if internal mounting is possible. For

exterior mounting, materials development would probably be necessary,

especially for the hotter core areas.

Noncontact instrumentation such as infrared radiometry could also be

used to make these measurements. Noncontact instruments have not been

developed for in-reactor use; however, internally mounted thermocouples

offer the most direct solution to the problem.

3.1.2 Fuel Centerline Temperature

Centerline temperatures on the planned INEL severe fuel damage tests
are expected to reach about 2500 K. At these temperatures, thermocouples
will experience shunting of electrical output because of the insulation

8



deterioration. This may be a serious problem and may make calibration

mandatory. The interior rod environment of helium and fission product

gases presents no new material problems for the sheaths.

When fuel (UO^) temperatures are allowed to approach the melting

point (~3050 K ) , present technology in thermocouple instrumentation becomes

invalid.

Development of an instrument to measure the fuel temperature to

melting, therefore, is desirable. The ultrasonic thermometer is a candi-

date for development in this temperature range. This device is in use and

has operated to over 3000 K at the INEL. The probability of successfully

solving the remaining technical problems of the ultrasonic thermometer are

good.

Noncontact instrumentation does not appear to be feasible for interior
fuel rod temperature measurements.

3.1.3 Rod Internal Gas Temperature

Normally, the internal plenum gas temperatures are well below fuel

temperatures and should be easily within the thermocouple state of the art.

3.1.4 Rod Internal Gas Pressure

Problems exist only with materials exterior to the fuel rod due to

oxidation. Internal transducers are available and external devices can be

located remotely from the fuel. These measurements are within the state of

the art.

3.2 Environment Instrumentation

A discussion of the instrumentation requirements necessary for meas-
urement of the Phase 2 experiment environment conditions is provided in the
following subsections.



3.2.1 Fluid Temperatures and Pressures

All the liquid temperature and pressure measurements are within the

state of the art.

3.2.2 Gas Temperatures

Steam and vapor temperature measurements are within the probe and

thermocouple state of the art up to about 2500 K; however, an oxidation

problem exists with sheaths, radiation shields, etc., in steam. The

development of oxidation resistant materials for sensor and probe construc-

tion is the most direct approach; however, this could require an extensive

development program. For temperatures above 2300 K, the traditional gas

probe measurement concept may have to be changed. Development could follow

the noncontact concepts such as ultrasonics, photon absorption, or infrared

radiometry.

3.2.3 Gas Fressure

The high temperature and reactiveness of the environment are not

within the state of the art for pressure transducers. Remote location or

shielding and cooling of transducers would allow state-of-the-art

transducers to be used. Mo development should be needed.

3.2.4 Volumetric Flow

Measuring liquid flows presents no problems as long as the transducers

are located within the liquid environment or outside the reactor. In some

instances, the desired measurement range may require use of extended range

instruments.

Gas flow measurements are complicated by the temperature of the gases,

oxidation by steam, and possibly by very low flow rates. Development of

instruments using atypical (in reactors) principles seems necessary. For

very low flow rates, a wire anemometer type instrument using thermocouples

might be used. For high pressures, the sonic nozzle principle is a

possibi1ity.

10



3.2.5 Liquid Level Detector ! j !

' " • " ' * . " • ' ; !

The liquid level to be measured may be that of water or molten core

material. Water level measurements are common at LWR temperatures and

pressures, but a problem exists because the/ljiigh temperature steam above

the water is oxidizing. Again,! a materials'problem exists that may be

circumvented by astute instrument design or by better materials.

Liquid level measurements of molten core material requires a research

and development effort. Ultrasonics might be used through the containment

metal wall to detect the change of interface between gas and liquid, and

the gas and metal. This, of course,- would require a series of sensors

mounted on the vessel. Direct measurement through the gas to the liquid

surface using ultrasonics is also a±possibility. Noncontact type instru-

mentation development for very high temperature liquids would operate as

well for a water level. '••
• ' 'i

i

3.2.6 Neutron Detectors '

In-pl?:ce instruments such as self-powered neutron detectors (SPNDs)
operate well enough in a hot water environment. High temperature steam
(>2000 K ) , however, would exceed the materials capabilities of normal
devices. Development of high temperature oxidation resistant materials is
one approach, but clever design or a remote detection concept may also
provide the desired measurement.

3.2.7 Gas Analyses

The analyses of gas such as hydrogen and those from fission products

are desired for most of the severe fuel damage experiments. Basically, the

measurement can be made using the mass spectrometer principle. Either a

time-base batch system or a continuous flow system would be acceptable.

11



3.'] U c h r i s H e d C o o lab i lily lnstruiiu'nl.dl ion

Temperatures within a debris pile, if dry, could be higher than the

melting point of U0?. The use of thermocouples and ultrasonic thermo-

meters inserted at various locations in the pile shoi'ld give an adequate

temperature profile and indicate drying and rswetting up to the U0?

melting point.

3.4 Molten Core Material Instrumentation

Considerable technical effort will he required to adapt bas;c

measurement principles to in-reactor instrumentation for the hypothesved

experiments. The following subsections describe the measurements to be

made, the problems to be overcome, and some possible approaches for

providing the necessary instrumentations.

3.4.1 Temperatures

Molten core materials temperatures can vary between the melting ami

boiling points of UCL (~3050 to 4150 K ) , well above the range of con-

tact instruments. Development of some noncontact type of thermometry is

necessary. One approach might be the use of microwaves (frequency just

below the infrared) emitted from the molten material. Microwave techniques

would collect the radiated energy and transmit it away from the hostile

environment.

A classic approach is optical-infrared pyrometry. Major problems with

this method include the need for radiation-hardened, high temperature win-

dows and transmission of the signal away from the hostile environment.

Another approach might be the use of probes made of different melting point

materials.

3.4.2 Surface and Structural Movement

Measurements of the molten surface texture, motion, and relative

level, as well as of support structure and core movement, will require some

12



instrument development such as an ultrasonic scan system. Wave lengths on

the order of 0.1 mm can be achieved by using a high frequency driver such

as quartz. An ultrasonic waveguide might be used to transmit the waves to

and from the hostile environment of the molten material.. The surface

reflectivity, scattering, and relative time of flight could be used ID make

the desired measurements.

Infrared system imagery, if developed, could provide surface configur-

ation measurements and time-based surface variations. Problems, however,

would be similar to those outlined in subsect'on 3.4.1.

3.4.3 Core Support Structures Penetration

The progressive penetration of the molten material into the lower core

support and vessel walls and bottom is another measurement for which no

instrument is readily available. An ultrasonic system has been used to

detect the solid-liquid interface. A series of ultrasonic transmit-

ters/receivers mounted on the experimental vessel might detect the progres-

sive melting of the vessel in a number of places. Problems would be in

coupling the ultrasonic waves to the vessel exterior and finding high

temperature drivers of sufficient power.

The electrical conductivity of the molten core material might he used

in conjunction with conductivity probes to measure melt penetration.

Microwaves may also be a possibility.

3.4.4 Earth and Concrete Penetration

The progressive penetration of the molten material into earth or con-

crete on a three-dimensional basis is another desired measurement. A three-

dimensional grid of wires might be developed to trigger when the molten

material contacts it. A thermocouple or conductivity system could provide

a time-based, three-dimensional record of the molten material advance.

13



4. CONCLUSIONS

Even the least severe core damage experiment requirements cannot be

met completely with state-of-the-art instrumentation. A need for oxidation

resistant, high temperature materials is apparent, but a development pro-

gram would probably be long and expensive. A program to develop a method

of coating or protecting available high temperature materials to prevent

oxidation might be more practical.

The need for new contact and noncontact type transducers is obvious

for such items as temperature, melt penetration, core melt levels, and melt

surface conditions. As more experiments are proposed, the list will grow

even longer. At first glance, acoustics or ultrasonics, microwave, and

optical-infrared based systems seem to provide probable areas for research

and development. These measurement principles are all in wide use in many

types of instrument systems. Adapting the basic principles to in-reactor

instrumentation presents difficult technical problems.
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TABLE 1. PBF PHASE 1 OPERATIONAL REQUIREMENTS

Test

Scoping Test

SFD-1

SFD-2

SFO-3

SDF-4

Cladding
Temperature
Rise Rate

(K/s)

0.5

4.0

0.5

4.0

a

Test
Termination

Slow cool down

Slow cool down

Quench

Quench

Quench

a. Similar to TMI-2 core heatup.

TABLE 2. PBF PHASE 1 MEASUREMENTS

Measurement

Cladding surface temperature
Fuel center line temperature
Plenum pressure
Plenum temperature
Coolant temperature
Refi11 flow rate
Coolant pressure

Neutron flux
Liquid level
Hydrogen and fission product release

Range

280 to 2300 K
280 to 2500 K
0.1 to 15.5 MPa
280 to 1700 K
280 to 2500 K
0 to 10 L/s
0.1 to 68.9 MPa
0.1 to 16.9 MPa
Up to 1 x 10 1 4 N/cm2-s
To be determined
To be determined
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