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ABSTRACT

The results of an in-pile power-cooling-mismatch (PCM) test
designed to investigate the behavior of a nine-rod, PHR-type fuel
bundle under intermittent and sustained periods of high temperature
film boiling operation are presented. Primary emphasis is placed on
the DNB and post-DNB events including rod-to-rod interactions, return
to nucleate boiling (RNB), and fuel rod fajlure. A comparison of the
DNB behavior of the individual bundle rods with single-rod data
obtained from previous PCM tests is aiso made.

Results indicate that corresponding power-coolant variations
induce f11m boiling within the nine-rod test bundle in a random
nature. Direct rod-to-rod fiim boiling and fuel rod failure
propagation did not occur. The DNB behavior of a centrally located

bundle rod appeared to be independent of the surrounding test fuel
rods.

* Submitted to: ANS Topicai M:ating on Thermal Reactor Safety,
Knoxville, Tenn., April 8-11, 1960,
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The result of many hypothesized nuclear reactor accidents {s an
imbalance betwec:: the heat generation rate of the nuclear core and
heat removal capacity of the coolant. Two extreme cases have commonly
been designated as the loss-of-coolant accident (LOCA) in which all or
part of the coolant inventary 1s rapidly lost, and the reactivity
initiated accident (RYA) in which a sudden power increase is initiated
within the nuclear core. Between these two extremes lies a wide range
of off-normal power-cooling conditions commonly referred ts as
power-cooling-mismatch (PCM) accidents, As demonsirated by the recent
Three Mile Island incident, there are many credible single and
coincident events that may initiate PCM accidents.

A PCM test series 1s being conducted by the Thermal Fuels
Behavior Program of EGLG 1daho, Inc., as part of the U. S. Nutlear
Regulatory Commission's Fuel Behavior Progv-am.1 Both single-rod and
bundle t::ts are being performed in the Idaho National Enginzering
Laboratory (INEL) Power Burst Facility (PBF) and are designed to
characterize the behavior of unirradiated PWR-type fuel rods during
PCM conditions.2

The results of the most recent PCM test (Test PCM-5)3, an
in-pile nine-rod bundle test, are presented. Primary emphasis is
placed on DNB, post-DNB, RNB, and fuel rod failure behavior. The
primary objectivis of Test PCM-5 wera:

(1) to establish baseline data on the operation and response of
bundle geometrias under tmposed PCM conditions,
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(2) to assess the potential for rod-to-rod interactiens during
(or resulting from) periods of high temperature film boiling
operation, and

(3) to assess the differences, if any, in the thermophysical
behavior of an isolated (separately shrouded) rod versus a

rod within a bundle geometry.

EXPERIMENT AND RESULTS

The nine PWR-type fuel rods were arranged in a square 3 x 3
lattice with a pitch indicative of a commercial 15 x 15 PWR fuel
bundle. In this configuration, the central fuel rod environment is
considered representive of a power reactor rod during a postulated PCM
event, The zircaloy clad rads had an active fuel length of 0,914 m
and provided a bundle average peak power of approximately 57 kW/m. To
obtain a relatively flat rod-to-rod power profile, the nominal fuel
enrichments were 93, 35 and 20% for the center, side, and corner rods,
respectively. The coolant conditions were 592 K inlet temperature,
15.5 MPa system pressure, and 1050-1116 kg!s'-z mass flux through
the test bundle. Figure I 1s a schematic representation of the Test
PCM-5 test train assembly showing the relative positions of the test
fuel bundle and related instrumentation.

PCM conditions were initiated by slowly increasing the PBF driver
care powsr in a stepwise ma..ier while maintaining a constant pressure
and coolant flow rate. During the power fncrease, a corner fuel rod
in the test bundle comenced film boiling, followed by random film
botling on other rods. The test bundle was aliowed to continue
high-temperature operation for about 11 minutes, during which seven of
the nine fuel rods experienced film boiling for various times.

Figure 2 susmorizes the f{iim boiling history for the test.

During the fiim boiling period, a corner and a non-adjacent side
fuel rod failed. The corner rod fafled while operating at high
temperature as a result of the severe cladding oxidation and

embrittlement incurred during about 8.5 minutes of sustained film
boiling. The side rod failed as a result of rewstting-induced thermal
shock on an embrittled cladding following a film boiling period of
approximately 300 seconds.

Side Rod 205-6 (Figure 2) commenced film boiling concurrently
with the quench and rewet of adjacent Rod 205-5 during a period of PBF
power decrease. A hydraulically coupled, rod-to-rod interaction was
suspected and qualitatively assessed.

The power and coolant conditions at the onset of f1im boiling for
Test PCM-5 are compared with previous PCM tests in Figure 3. As
shown, the conditions leading ta film boiling on the central fuel rod
in Test PCM-5 compare favorably with those determined from previous
PCM test: where the fuel rods were contained in individual coolant

flow shrouds. Individual coolant flow shrouds eliminate the potential
for direct rod-ic-rod interactions.

CONCLUSTONS AND OBSERVATIONS

1. The order in which the test rods surpassed DNB and rewet
appeared to be random and unpredictable on an overall bundle
basis.

2., The DNB and rewet behavior of the {ndividual rods could be
directly related to ccrresponding power-coolant variations.

3. A single rod-to-rod interaction was suspected. Specifically,
the quenciiing and rewet of one rod appears to have abetted
the onset of DNB on an adjacent rod, Such an interaction
was interpreted as a result of the inherent rod-to-rod
hydraulic coupling.

4, Severa) modes of heat transfer were detectable during the
veturn to nucleate boi1ing process (quench and rewet). Such
an observatton i3 consistent with recent post-DNB heat
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6.

transfer theories proposed by other investigators.‘ In
addition, it is shown that rewetting occurs at cladding
temperatures that are readily predictable from basic
correlations previously developed.5

The central fuel rod of the test bundle behaved
independently of the peripiieral rods and similar to the
behavicr expected from a fuel rod within its own coolant
flow shroud. The previously established DNB data base for
individually shrouded fuel rods is considered applicable for
assessing the DNB response of an interior bundle rod.

Rod-to-rod failure propagation did not accur.

REFERENCES

1.

2,

4,

United States Nuclear Regulatory Commission, Reactor Safety
Research Program, “A Description of Current and Planned
Reactor Safety Research Sponsored by the Nuclear Regulatory
Commission's Division of Reactor Safety Research,”
NUREG-75/058 (June 1975).

P. E. MacDonald, N. J. Quapp, A. S. Mehner, Z. R. Martinson,
and R. K, McCardell, "Response of Unirradiated and
Irradiated PHR Fuel Rods Tested Under Power-Cooling-Mismatch
Conditions,” Nuclear Safety, Vol. 19, No. 4,

July-August, 1978, pp, 440-464.

F. S, Gunnerson and D. T. Sparks, "Behavior of a Nine-Rod
Fuel Assembly During Power-Cooling-Mismatch Conditions,*
NUREG/CR-1103, EGG-2002, November 1979.

0. C. Iloeje, W. M. Rohsenow and P, Griffith, “Three-Step
Model of Dispersed Flow Heat Transfer (Post CHF Vertical
Flow)," ASME Paper 75-WA/HT-1 (1975),

Fig. 1

Fig. 2

Fig. 3

F. S. Gunnerson and A. W. Cranenberg, “On the Thermodynamic
Superheat Limit for Liquid Metals and Uts Relation to the
Leidenfrost Temperature,* Jourpal of Heat Transfer,

Vol. 100, November 1978, pp. 734-737.

LIST OF FIGURES
Schematic representation of Test PCM-5 Test Train Assembly.
Film Boiling History for Test PCM-5.

Comparison of the conditions at first indication of film
boiling for the PCM Test Series.




Flowmetar ————

Flow shroud —————

Seli-powered
neutron detectors —.|

Grid SpaCErs —em——m,

Thermocouples ~—|

Flowineter ————

— Prassure
transducer

l6— Inpile tube
Hlow shroud

.~ Thermocouples

= Flux wires (4)

AT
thermocouples

.— 9-fual rod
tast assembly

ANERNA

.~ Pressure
transducer

L L/

]

Shwoud
flow

Sypass flow

Fig. 1

| ]

~ 1\

INEL-A-12 733

t = Time (8 81 first indication of im bowling

Potk 108 power EVawm)
8

At = Toisl period {8} of Him doiling INEL A2 T
L] T T
/ ’,
/
7 /
-/ //
n . J
//l /
o/
'
/
/vy
L] / / -
* :" /
//. /
R
-, v PCM-Y
o //.:.o/ mmwu{? EE? A
/ * pCM4
/ Bundie teat: o PCHMS
/ mmewn [. Conter 10
/ s
“ 1000 005 500
COOIMM Mans Hun g/t M) Ay

Fig. 2

Fig. 3

S



