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LOSS OF COOLANT ACCIDENT - PAST, PRESENT, AND FUTURE

The LOCA in the U.S. has a lot of history associated with it, as evidenced in
Table 1. Originally the LOCA was defined, prior to 1966, as the failure of
the largest connecting pipe (typically 10 inches in diameter and representing
the pressurizer surge line for a PWR). In 1966, a step jump was made in the
definition of the accident in that the break was newly defined to be the double
ended cold leg (DECL) break (typically a 30 inch diameter line) and hence, the
flow area from the primary system to the containment was increased by a factor of
18. Taking this step in the redefinition of the design basis accident meant that
the ECCS as defined at that time was not sufficient and accumulators were added
in 1967 to the ECCS to enhance coolability during the LOCA.

During the time period 1966-1971, much experimental work was conducted with
respect to developing models for the LOCA since the accident had now become
more complex and much harder to analyze as a result of the change in the design
basis stated above. Table 1 lists some of these areas and also shows the
increased effort that was necessary to increase the analytical modeling.

At the end of 1970, several tests were conducted at the Aeroject Nuclear
Company (ANC) that showed cold ECCS water was not able to penetrate into the
core, but rather preferred to go out the break. These test results caused
increased public and regulatory awareness to the LOCA and resulted in further
detailed probing. The fact that these tests were completely nonrepresentative
of a large scale reactor has been lost in the communication process in many
instances. Indeed, there were two major deficiencies in the test. The first
was that it was 1/15 scale and hence, the amount of heat transferred to coolant
from the structures and vessel itself was 15 times too high (surface to volume
was 15 times higher for the scaled facility). This resulted in excessive steam
generation in the lower plenum of the vessel. The second was that the resistance to
flow through the core was 100 times too high and it was easier for the coolant to
go out the break than into core (sort of like trying to push' flow through the eye
of a needle as opposed to flowing around the needle). The facility was subsequently
redesigned using proper inlet flow resistance to the core and insulating the walls
of the vessel such that the heat release was only two to three times higher than



it should be in the full scale facility. The results of these tests in 1974
showed that the water did penetrate into the core and cool it — hence, the initial
concerns raised by the earlier tests were shown to be false.

As a result of the increased interest back in 1970-1971, the USAEC delved into
the LOCA analysis details and promulgated in June, 1971, the Interim Acceptance
Criteria (IAC) that specified detailed design limits and evaluation models to be
used. As a result of the public concern that was building at that time, increased
questioning was brought to the forefront in the public hearing arena and resulted
in prolonged and delayed hearings. The AEC decided that, rather than discussing
the LOCA in individual plant applications, it would be expeditious and more
fruitful to have a special ruiemaking hearing that was convened in January, 1972.
This rulemaking hearing ended up being the longest hearing ever associated with the
nuclear industry, involving some 22,000 pages of transcript and lasting two years.
As a result of the ruletnaking hearing, the AEC promulgated the Final Acceptance
Criteria (FAC and also known as the Appendix K modification to Title 10 of the Code
of Federal Regulations). These FAC established more stringent design limits and
even more restrictive and overly conservative evaluation models for use in the LOCA
as compared to the previously formulated IAC.
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During this 1971 and 1973 period, more restrictive assumptions were being put
forth for use in the LOCA analysis and thus, several modifications were made '
to the plants to alleviate these increased conservatisms in the LOCA analysis.
The PWR and BWR cores were both modified to increase the number of fuel rods in
the core while keeping the plant power rating the same, such that average and
peak lineal power generation rate decreased. This results in the ability to
transfer more heat during the LOCA (more heat transfer surface area) and hence,
smaller peak clad temperatures result for the fuel pin. The other area of
modification was for the ice condenser containment plants where during the
reflooding phase of the LOCA, the core is more difficult to cool. This more
severe result of a LOCA in an ice condenser results from the containment being
at a Tower pressure and thus, it is more difficult to vent the lower density
steam, generated in the core during reflooding, to the containment. These
particular plants incorporated an Upper Head Injection (UHI) System to deliver
additional cold water to the top of the core during the biowdown portion
of the accident and hence, provided additional core cooling capability.
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Also, during the 1971-1973 period another issue emerged that was unrelated
to the LOCA but had implications on the results of the LOCA analysis. This
was that of fuel densification, where upon irradiation the fuel densified
and created gaps between the fuel pellets axially and also between the
pellet and the clad. The effects made the results from a LOCA analysis more
severe in that higher local lineal power generation rates could be achieved
and the fuel contained more stored energy at the initiation of the LOCA. This
problem was subsequently solved in that a higher initial fuel density is used
such that the effects of densification are relatively insignificant.

Currently, LOCA analysis is being performed using the Appendix K groundrules
and results from these analyses are acceptable to the USNRC. In addition,
further testing and analysis backup work is being performed to provide a
more substantial base for the LOCA analysis in an effort to justify removing
many of the conservatism that exist in the recent Appendix K Model.

In the future, as the data base grows larger and the uncertainties decrease,
one should look for a gradual move toward a best estimate assessment of the
accident with a statistical determination of the uncertainties. A new licensing
evaluation basis could then be formulated that allowed a suitably conservative
approach to the LOCA evaluation. For example, this new evaluation basis could
be a best estimate evaluation and a requirement to add two peak clad temperature
standard deviations to this new evaluation basis temperature. Comparison of
this new basis temperature with design limits (e.g. 2200°F) would show a
considerable amount of margin. Indeed, some of these studies have already
been performed and show a margin of 1300°F with respect to the design limit of

It should be noted that this particular analysis* ' was carried out for the
standard analysis case — that of minimum safeguards operating. The objective
of this study was to demonstrate the use of the statistical techniques on the
most publicized case. The probability of the occurrence of the accident and
the probability of obtaining only minimum safeguards should also be factored into
the analysis to assess the overall risk. Different combinations of emergency
core cooling system availability should be taken to find the limiting probability
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of reaching 2200°F considering both the realiabiiity of the emergency core

cooling system and analytical uncertainties. Obviously, in the hypothetical

sense, if there is no emergency core cooling water for a LOCA, the probability

of exceeding a peak clad temperature of 2200°F approaches 100% since there would

be no way to remove decay heat except by radiation. The reliability of the

system would probably be more limiting for a given overall design probability goal.

Hence, a more consistent and meaningful standard for licensing could be established,

instead of an arbitrary conservative evaluation model.

The analysis was performed for a 193 fuel assembly core consisting of 17 X 17

fuel rod assembly arrays with a fuel rod diameter of 0.372 inches and a pitch of

0.497 inches. Best estimate LOCA results showed a 900°F peak clad temperature

during the accident. For these temperatures, no fuel rod bursting is predicted;

and, thus, there is no flow blockage. The best estimate clad temperature for fuel

rod bursting to occur during biowdown is approximately 1600°F.

Thirteen variables were taken as the most important in affecting excursions from

the computed best estimate peak clad temperature. The statistical behavior of

these variables was either estimated by knowledgeable people or it was known. A

tabulation of the conditions used for each variable at the -3a, best estimate, and

+3a level is given in Table 2. (The range from -3a to +3a includes 99.8% of the

population.) The output of the analysis was the peak clad temperature, and the

sensitivities to each of the conditions for each of the variables is tabulated in

Table 3 in terms of delta peak clad temperature. Also shown in these tables is the

type of distribution used for peak clad temperature assessment 1) those variables

symmetrically distributed about the expected value were treated as normal distri-

butions, and 2) those asymmetrically distributed about the expected value were

treated as beta distributions. The standard deviation for the delta peak clad

temperature was found to be 57°F.
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A check of the validity of linearity was made in that all of the +3a conditions
for each of the variables was utilized at the same time, and a value of delta
peak clad temperature of 500°F was obtained. This value should be compared to
the sum of the +3a values in Table 3 of 479°F. As can be seen in this comparison,
good agreement is obtained, and thus linearity is valid for the +3a condition,
which is the main condition of interest. The assumption of linearity is not met
for the -3o condition for all variables at the same time in that the lower absolute
value of peak clad temperature is 700°F (the peak average clad temperature prior to
the LOCA). Thus, the statistical analysis for the example presented herein is
considered quite good in the upper end of the distribution of the peak clad
temperature (the range of most interest) and overpredicts the probabilities in the
bottom end because the true value has an absolute lower limit.
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In order to compute percent!les of the maximum clad temperature, the moments of
all the variables and of their sums are required. From these values the skewness
and kurtosis may be calculated so that percentiles may be evaluated. In order to
obtain percentiles below the 0.25% level, it is necessary to use an approximation
of the beta function. This calculation shows that the probability of a delta peak
clad temperature greater than 340°F is about 10" .

The calculations show that the probability of exceeding a peak clad temperature of
2200°F is less than 10" . A similar calculation was performed using normal dis-
tributions entirely rather than some beta distributions, and the above conclusion
remained the same.

1. N. D. Cox and J. 0. Cermak, "Uncertainty Analysis of the Performance of
Complex Systems", Energy Sources (March, 1975).
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TABLE 1

HISTORY

A. Prior to 1966 — Failure of largest connecting pipe

B. 1966-1971
1. DECL break
2. Emergency core cooling water system modified
3. Analysis S Experimentation

a. Multi-node analysis codes
b. Rod burst tests
c. FLECHT program
d. Clad embrittlement tests
e. Transient heat transfer tests
f . Multi-rod burst tests
g. Semi-scale test results

C. IAC Model established — 1971

D. 1971-1973
1. Public hearings on individual plants delayed by more than

one year.
2. ECCS rulemaking hearings established by AEC.
3. Analysis & Experimentation

a. FLECHTSET
b. Rod bundle BDHT
c. Steam/Water mi xing
d. Pump testing
e. Code improvements
f. Accumulator Bypass tests
g. Additional semi-scale tests

4. Core modifications
a. BWR — 7 x 7 to 8 x 8
b. PWR — 15 x 15 to 17 x 17 -or- 14 x 14 to 16 x 16
c. PWR — Ice condenser plants — Upper head injection

5. Fuel densification

E. FAC Model established (Appendix K) - 1974

F. Development of Analysis Model to meet Appendix K - 1974G. Analysis and Experimentation - 1974 -
a. FLECHT (Low Flooding Rate/Skewed Power) Tests
b. FLECHTSET Tests
c. Rod Bundle BDHT
d. Pump Testing
e. UHI Tests (15 x 15 & 17 x 17)
f. Code improvements
g. Accumulator Bypass Tests
h. Semi-scale and LOFT Tests
i. PBF Tests
j. FLECHT-SEASET Tests
k. Probability studies
1. Decay Heat Tests



TABLE 2

TABLE OF VARIABLES IN LOCA AND RANGE OF CONDITIONS

FOR EACH VARIABLE
-X...

Variables

1. Transition Boiling

2. Time to DNB

3. Peaking Factor,
Fq (Includes
variable gap
conductance
effect)

4. Tolerances
A. FqtQl*

B. Delta Fuel
Temperature

5. Decay Heat

6. Refill Heat

Transfer
Coefficient

7. Mass Carryover
During Reflood

8. Discharge Coef-
ficient During
Blowdown

Definition of Conditions for Eacl

- 3a

Best Estimate
Transition
Boiling Times
1.3

5 sec

1.4

0.915

-110°F

ANS - 2 0 %

8 Btu
'~HrFt2°F

Entrainment
Correlation
Specified in
(9) times
0.25

C D = 0,3

Best
Estimate

Best Estimate
Transition
Boiling

2 sec

1.7

1.0

0

ANS

n — 5

Entrainment
Correlation
Specified in
(9) times
0.6

C D = 0.6

i Variable

+ 3a

Best Estimate
Transition
Boiling Times
0.7

1 sec

2.1

1.085

+ 110°F

ANS + 20°/o

n — 2

Entrainment
Correlation
Specified in
(9)

C D - 0.8

m •



TABLE 2 (Continued)
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Variables

9. Water Remaining
in Vessel After
Slowdown due to
Residual Water
and non 1 0 0 %
Accumulator
Bypass

10. Pump Resistance
During Reflood

11. Steam/Water
Mixing

12. FLECHT SET

13. Ability of Com-
puter Codes to
Predict Thermal
& Hydraulic Con-
ditions (Esti-
mate). Given
in Delta Peak
Clad Temperature

Definition of Conditions for Each

- 3a

600 Ft3

Locked Rotor
Pump Resis-
tance times
0.6

Momentum
Equation
minus 0.65
psi for un-
certainty

Correlation
in (13)
times 1.4

- 100°F

Best

Estimate

450 Ft3

Locked Rotor
Pump Resis-
tance times
0,75

Momentum
Equation

Correlation
in (13)
times 1.2

0

Variable

+ 3a

300 Ft3

Locked Rotor
Pump Resis-
tance times
0.90

Momentum
Equation plus
0.65 psi for
uncertainty

Correlation
in (13)
times 1.0

+100°F

Fq
to1 = (Fq

u -1)2

.;. i

y/ (Fq
E-1)2 + (Fq-1)2 + (Fq

where at the 3o level

FqE (Engineering hot channel factor) = 1.03

F q
u (Uncertainty in Fq) = 1.075

Fq
c (Calorimetric error) = 1.03

(Fq
c-1)2

m
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TABLE 3

TABLE OF VARIABLES IN LOCA AND EFFECT OF SPECIFIC CONDITION

DEFINED IN TABLE 2 ON PEAK CLAD TEMPERATURE

(FOR 17 x 17 FUEL ROD ARRAY)

1. Transition
Boiling

2. Time to DNB

3. Peaking Factor,
Fq, Includes
Variable Gap
Conductance
Effect

4. Tolerances

5. Decay Heat

6. Refill Heat
Transfer
Coefficient

7. Mass Carryover
During Reflood

8. Discharge Coef-
ficient During
Blowdown

9. Water Remaining
in Vessel After
Blowdown due to
Residual Water
and non 1 0 0 %
Accumulator
Bypass

Distribution
of Variable

Normal Asymmetric

X

X

X

X

X

X

X

X

X

Delta Peak Clad Temperature
with Respect to Best Estimate
Peak Clad Temperature

- 3ff

- 5°F

- 40°F

- 85°F

_ 5ooF

- 25°F

- 6°F

- 6°F

- 80°F

- 6°F

Best
Estimate

0

0

0

0

0

0

0

0

0

+ 3c

+ 40°F

+ 25°F

+105°F

+ 60°F

+ 80°F

+ 10°F

+ 9°F

+ 15°F

+ 9°F
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TABLE 3 (Continued)

10. Pump Resistance
During Reflood

11. Steam/Water
Mixing

12. FLECHT SET

13. Ability of Com-
puter Code to
Predict Thermal
& Hydraulic
Conditions
(Estimate)

TOTAL

Distribution
of Variable

Normal

X

X

Asymmetric

X

X

Delta Peak Clad Temperature
with Respect to Best Estimate
Peak Clad Temperature

- 3a

- 2°F

- 2°F

- 12°F

- 100°F

- 419°F

Best
Estimate

0

0

0

0

+ 3o

+ 4°F

+ 2°F

+ 20°F

+100°F

+ 479°F
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