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ABSTRACT •

This paper examines in a brief fashion some of the coolant-cladding

interactions that can take place during!two different types of reactor

accidents: the design basis Ioss-of-co6lant accident and the Three Mile

Island loss-of-coolant accident. The physical manifestations of the inter-

actions are quite similar, but the time sequences involved can cause very

different end results. These results ape described and a listing is given

of the main research programs that are involved in coolant-cladding inter-

action research. ;

INTRODUCTION

I

In a broad sense anything that happens to the Zircaloy cladding

of a fuel rod during a light-water reactor accident transient can be

attributed to a cladding-coolant interaction * . Loss of cooling waterj !

either through a drop in the water level in the core or because of film

boiling, leads to oxidation of the cladding by steam and eventually to •

embrittlement. Loss of coolant pressure, usually accompanied by a temper-

ature rise in the cladding, leads to cladding rupture. Even under norma[L

operating conditions, the coolant overpressure on the cladding exterior
I

causes the cladding t: creep down slowly onto the fuel pellets. After

such pellet-cladding contact is achieved, an accidental reactivity insertion

could cause a sudden diametral increase in the pellets with accompanying

tensile strain in the cladding and possible cladding failure.

•Operated by Union Carbid& Corporation under contract W-7405-eng-2fe

with the U.S. Department of Energy.
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Zircaloy-4 is a relatively inert material at the operating conditions

of a power reactor. It is neutron economical and possesses adequate strength

for the job it has to do. During certain types of accidents, however,

it can reach conditions that negate several of these good properties.

This paper will review the behavior of Zircaloy cladding through two different

accident scenarios. Although the cladding undergoes almost identical

metallurgical and chemical interactions in the two accident types, the

outcomes of the cladding-coolant interactions can be widely different

depending upon the time scale involved.

DESCRIPTION OF ACCIDENTS

Two different accident scenarios will be used to illustrate cladding-

coolant phenomena in this paper. One of these, the design basis (DBA)

loss-of-coolant accident (LOCA) has been the premier bete noir against

which reactor safety systems have been measured for the past decade.



This accident assumes breakage of a major coolant water pipe, with unimpeded

coolant loss from both ends of the breaks The time scale for coolant

blowdown and exit from the pressure vessel, fuel element heatup and, finally,

cooldown by the emergency core coolant system (ECCS) is measured in minutes.

The second accident type is one that is familiar to everyone interested

in nuclear power — the Three Mile Island (TMI) accident. This is basically

a small break LOCA, aided by coolant flow stagnation, that results in

slow boil off of the water in the pressure vessel. Cladding-coolant inter-

actions occur as the fuel elements are uncovered. The time scale for

the TMI-type accident is measured in hours.

In the DBA-type of LOCA, the core coolant inventory is lost

over a period of tens of seconds as some of the water flashes to steam

and the two-phase mixture exists through the large pipe break. The change

in the coolant from high pressure water to steam at a lower pressure has

several effects on the fuel cladding: The heat transfer rate from fuel

to coolant drops sharply, oxidation starts, and cladding rupture results

from the imbalance between fuel rod internal pressure and the decreasing

system pressure.

The slow-break LOCA provides a different time perspective for inter-

action between the Zircaloy cladding and the coolant. Instead of a rapid,

expulsion- of coolant, with fuel rod heatup, rupture and cooldown, the

fuel rods are subjected to steam exposure from slow boil off of the reactor

vessel inventory of water. As the water level drops, the exposed rods

heat up, rupture, and oxidize. Some cooling is provided by the steam

as it passes out of the core but not enough to stop the heatup.

CLADDING-COOLANT INTERACTION

During normal pressurized water reactor operation, the situation

shown in Fig. 1 exists. Heat transfer is occurring from the fuel pellets

through the gas gap and cladding to the coolant. Heat from the fissioning

fuel pellets maintains the fuel cladding at approximately 330-350°C and

the coolant around 300°C, with ah overpressure of 15 to 16 MPa preventing
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boiling of the coolant. Under these conditions the cladding is relatively

inert to the coolant; only a thin, protective oxide buildup and a very

slow absorption of hydrogen take place. A fill gas, plus accumulating

fission gas, provides an internal pressure to decrease the creepdown rate

of the cladding and increase heat transfer.

The Design-Basis Accident

A schematic plot of the temperature-pressure-time relationships

in a DBA is shown in Fig. 2. Coolant blowdown starts when the break occurs,

with steam flashing and two-phase flow out of the core. Although reactor

power is cut as soon as the break occurs, two heat sources remain — heat

from redistribution of the pellet centerline temperature and decay heat

from the fission product inventory of the fuel rods. The first temperature

peak, caused by the interaction of redistribution heat and blowdown heat

transfer cooling, probably causes little gross damage to the cladding.

Some oxidation may occur, but the time above approximately 850-900°C {the

. threshold temperature for serious oxidation) is too short. System pressure

is still high enough to prevent cladding rupture.

At the time of the second temperature rise, the core flood tanks

have emptied, the high pressure injection pumps are functioning, and the

low pressure pumps are coming into their operating range. Much of the

cooling of the core at this point is provided by flowing steam. As the

cladding temperature rises past 850—900°C, oxidation starts by decomposition

of the steam and absorption of and reaction with the oxygen from the steam.

At the elevated temperatures the zirconium in the Zircaloy cladding is

an avid oxygen scavenger.

The combination of decay heat and the exothermic heat of formation

of Zr02 can produce quite high heating rates in the cladding, rates that

may approach 100°C/s. Cladding rupture will occur as the temperature

rises and the pressure difference across the wall increases due to internal

gas heatup and coolant pressure decrease. Figure 3 shows, schematically,

the results after rupture and oxidation, and Fig. A is a photomicrograph

of a specimen oxidized at/^|j °C for tCC s. The reaction layers are

clearly seen — an outer layei" of ZrOg, a middle layer of oxygen-stablized /

0i-Zircaloy, and the bulk of the wall material that was in the/tt phase V

during oxidation.
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The emergency core cooling system (ECCS) of the reactor is designed

to turn the LOCA temperature transient around and start cooldown before

the cladding reaches 1204°C (2200°F is the official criterion). In that

case the oxidation would be less than that shown in Fig. k and the embrittle-

ment caused by absorbed oxygen and, to a. lesser extent, the small amount

of hydrogen present in the cladding would be within reasonable bounds.

If the reactor had no ECCS capabilities, the transient would follow

the dotted line in Fig. 2 to the melting point of the cladding, 1850—1900°C.

The TMI-Type Accident

This accident form consists of a slower sequence of events that

could lead to quite different results than the DBA. Figure 5 is a schematic

of the temperature — time relationships that could obtain during the accident.

Heatup of the cladding starts well after reactor power has been shut off

and decay heat has decreased substantially from its immediate post«-shutdown

value of 160—170 MW to a level of approximately 10-15 MW. This is still

sufficient power to boil away the stagnant water inventory of the core.

Cladding heatup rates as the core begins to be uncovered are controlled

by several variables. Steam and two-phase cooling will prevent rapid

heatup rates as core uncovering begins but, as the coolant level drops,

the temperature eventually will increase. At this point the rate of

temperature rise will determine the final state of the fuel rods. A

relatively fast heating rate will drive the cladding past the melting

point of the metallic constituents before they are converted completely

to oxide. Conversely, a slower heatup rate will allow total oxidation

to occur, so that the melting points of ceramic materials are involved.

Fig. 6 is a ternary phase diagram that illustrates melting behavior in

the U-Zr-0 system. While the real system—involving Zircaloy instead of

zirconium-would be slightly different from Fig. 6, the melting points

are illustrative of the real situation •.

It is ironic that the same substance, coolant water, that is essential

for the succesful operation of a power reactor can become an aggravator

of the accident situation. Water provides the oxygen for the oxidation



and embrittlement of the cladding and, through the chemical heat of formation

of ZrC>2, provides part of the heat energy needed to drive the cladding

temperature up. This results in a vicious cycle that ends either when

the transient is overwhelmed by the ECCS or when the zirconium is either

all converted to oxide or else has become inaccessible to the oxygen through

eutectic melting.

CURRENT RESEARCH

uc-cA
Early research related to coolant-cladding interaction under ae-Gident

conditions was performed primarily at Oak Ridge National Laboratory (ORNL)

and at Aerojet Nuclear Company (now EG&E-Idaho, Inc.) f"om 1968 to 1971

and by the various reactor vendors on an almost continuous basis from

approximately 1968 on. Following the ECCS hearing in Washington, D.C.,

in 1972 and the subsequent splitting of the Atomic Energy Commission into

the Energy Research and Development Administration (now in the U.S. Department

of EnerW, DOE) and the Nuclear Regulatory Commission (NRC), new research

programs were authorized to study, in detail, the various mechanical,

thermodynamic, chemical and metallurgical aspects of coolant-cladding

interactions.

The NRC-sponsored research programs studying coolant-cladding inter-

actions have included oxidation kinetics v/ork at ORNL, led by J. V. Cathcart;

multirod burst testing at ORNL, led by R. H. Chapman; single rod burst

testing and embrittlement at Argonne National Laboratory (AND, led by

T. F. Kassner; and a comprehensive set of research programs that include

work within the Loss-of-Fluid Test (LOFT) Facility and studies in the

Thermal Fuels Behavior Program, under the direction of L. F. Ybarrondo

at EG&G-Idaho. The latter program includes the testing of single fuel

rods and fuel rod clusters under power-cooling-mismatch, loss-of-coolant,

and reactivity-initiated accident conditions.



In addition to the government-sponsored programs, research continues

to be done by reactor vendors and by power utilies, principally at the

Electric Power Research Institute (EPRI). Work done by EPRI in the field

of coolant-cladding interactions has been heavily concerned with oxidation

kinetics in steam and with coolant rewetting characteristics following

a LOCA.

Foreign research on coolant-cladding interactions has been underway

for several years — principally in (1) W. Germany at Kernforschungszentrum

Karlsruhe (KFK) at Karlsruhe and at Kraftwerk Union (KWU) at Erlangen;

and in 2) JapapQat Japan Atomic Energy Research Institute (JAERI). This

research has closely paralleled the U.S. work, with minor differences .

in test methods and materials used. Other countries investigating reactor

safety problems include Canada, with Atomic Energy of Canaka, Ltd. (AECL)

studying oxidation and embrittlement; Great Britain, with the Central

Electricity Generating Board (CEGB) and the United Kingdom Atomic Energy

Authority (UKAEA); and Norway, at OECK-Halden. The above listing is not

exhaustive, but it should give an indication of the quantity of research

devoted to understanding coolant-cladding interactions.

CONCLUSIONS

Much of the reserach discussed above is either finished or else

in the final stages of work. In particular, the oxidation and embrittlement

work sponsored by NRC and EPRI is essentially completed and should be

available for use by NRC to change or modify existing licensing criteria.

Single and multirod burst testing is nearing completion and data should

be available for licensing within the next year or so. In-reactor testing

is being stressed at present and will continue for several years.



In conclusion, the technical problems involving coolant-cladding

interactions that first came to light in the late 1960's and early 197O's

are finally reaching resolution due to an international effort in safety

research and development. It is intersting that older research has stood

the test of time quite well — the early findings have been modified and

refined extensively, but they have not been disproved. This gives added

confidence that cladding-coolant interaction phenomena are becoming v/ell

understood.



THE FOLLOWING SITUATION EXISTS DURING NORMAL OPERATION
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THE DESIGN BASIS ACCIDENT (DBA) CONSISTS OF A RAPID SEQUENCE
OF EVENTS MEASURED IN MINUTES
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THE FOLLOWING SITUATION EXISTS DURING A SEVERE LOCA

STEAM
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THE TMI-TYPE ACCIDENT CONSISTS OF A SLOWER SEQUENCE OF EVENTS THAT
MAY LEAD TO QUITE DIFFERENT RESULTS THAN THE DESIGN-BASIS ACCIDENT
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IN A TMI-TYPE ACCIDENT A RACE TAKES PLACE BASED ON
HEATING RATE AND OXIDATION RATE
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ONSET OF MELTING IN THE U - Z r - 0 SYSTEM

FROM: P. HOFMANN
KfK

OXIDATION OF Zr MOVES THE

CLADDING COMPOSITION TOWARD

ZrO2 . IF THE CLADDING TEMPER-

ATURE REACHES THE INTERVEN-

ING MELTING POINTS BEFORE

ZrO 2 IS FORMED, LIQUID WILL

FORM. THIS LIQUID CAN DISSOLVE

UO2 AND WILL FORM A STILL

LOWER MELTING LIQUID.
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