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ABSTRACT

The June 24, 1980 loss of off-site power transient at Arkansas Nuclear
One Unit 2 was analyzed using the RELAPS computer code. The transient was
investigated to understand the overall plant response, particularly in
relation to natural circulation cooling. Sensitivity calculations were
performed to identify operator actions that may have been taken during the
transient. The effect of the various sensitivity calculations on natural
circulation was examined. Methods of identifying the presence of natural

circulation cooling were investigated.

FIN No. A6234--Analytical Assessment of Reactor Operational Events
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SUMMARY

An analysis of the June 24, 1980 loss of off-site power (LOSP)
transient at Arkansas Nuclear One Unit 2 (ANO-2) was performed using the
RELAPS computer code. The analysis of the LOSP transient was performed by
EG&G Idaho, Inc., at the Idaho National Engineering Laboratory. This
analysis was the first in a series of analyses requested by the Nuclear
Regulatory Commission Office for Analysis and Evaluation of Operational
Data to support case studies of natural circulation events in pressurized
water reactors (PWRs). ANO-2 is a Combustion Engineering PWR with a rated
core thermal power of 2815 MW. RELAPS is an advanced computer code
designed for one-dimensional, thermal-hydraulic analysis of nuclear reactor
and related experimental systems.

The analysis was performed to provide an understanding of the overall
plant response, with emphasis on natural circulation cooling. It was also
intended to identify operator actions that may have been taken during the
transient and to ‘nvestigate their effect on natural circulation.

Sensitivity studies were performed on various boundary conditions to
determine what may have caused the measured plant response. Most of these
studies involved the secondary coolant system. In a natural circulation
situation, the response of the reactor coolant system is sensitive to the
secondary system pressure. The reactor coclant system response was also
found to be sensitive to the pump coastdown.

From the analysis, it was concluded that atmospheric dump valves were
opened to depressurize the secondary coolant system, then were closed. It
was also concluded that the chemical and volume control system was
controlled manually to increase the pressurizer liquid level above the
setpoint level.
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he transition to and

t( d presence of natural circulation cooling could be
Iinferred from temperature measurements The cold leg temperature was
closely coupled to the steam generatcr temperature during natural
circulation. Also, the difference between the hot and cold leg
temperatures increased during the transition from forced convection to
natural circulation cooling, then stayed fairly constant in fully developed
natural circulation flow. The flow rate and loop temperature difference in

F

ully developed natural circulation were determined by the core power and

+

loop flow resistance.
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1. INTRODUCTION

The loss of off-site power (LOSP) transient that occurred at Arkansas
Nuclear One Unit 2 (ANO-2) on June 24, 1980 was analyzed. The principal
analysis tool used was the RELAPS computer code. The analysis was
performed in support of pressurized water reactor (PWR) natural circulation
case studies being performed by the Nuclear Regulatory Commission Office
for Analysis and Evaluation of Operational Data. This is the first in a

series of reports on natural circulation events.

ANO-2 is a Combustion Engineering PWR with a rated core power of
2815 MW(t). On June 24, '980 it was operating at 91% power when a partial
LOSP occurred, resulting in a temporary loss of all AC power to the plant.
The diesel generators started automatically, as did the emergency feedwater
(EFW) pumps. These were the only actions affecting the primary system
known to have taken place prior to the restarting of the reactor coolant

pumps.

The objectives of this analysis were to understand the plant response
during the transient, to identify possible operator actions that would
account for the plant response, and to investigate natural circulation
phenomena. Since the primary interest was in natural circulation, only the
first 900 s of the transient was investigated. The reactor coolant pumps
coasted down and natural circulation was established in this time period.

RELAPS/MODI.S1 is an advanced computer code designed for best
estimate thermal-hydraulic analysis of postulated light water reactor
transients. It is a one-dimensional analysis code based on a
nonhomogeneous, nonequilibrium hydrodynamic model that utilizes one energy,
two momentum, and two continuity equations. The versions of the code used
in this analysis were cycles 27 and 30, which have been stored under
Configuration Control Numbers F01137 and FO1187, respectively, at the
Computer Science Laboratory at the Idaho National Engineering Labcratory.



The data presented in this report were digitized from strip charts and
other plots from data that were recorded during the transient and presented .
in the preliminary unit transient report.2 The quality of the measured
data was nct known. Some of the strip charts had noticeable offsets, so
the data trends were considered more important than the magnitudes. The
uncertainties in the time scales of the data presented in this report were
estimated to be £ 5 s for the first 275 s, and € 100 s thereafter. The
tuual cata traces (after 275 s) in the plots of the pressurizer pressure and

hot leg temperature show the values recorded by redundant measurements.

A aescription of the RELAPS model of ANO-2, incluaing the initial and
boundary conditions, is presented in Secting 2. Results of the analysis of
the LOSP tran:ient are presented in Section 3. Conclusions drawn from the

analysis are presented in Section 4. References are presented in Section 5.
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annulus to the upper plenum. The support cylinder holes, core shroud
clearance paths ard guide tubes were lumped together as a flow path
parallel to but separate from the core. The portion of the guide tube
bypass from the lower plenum to the upper head was not modeled explicitly.

Figures 3 though & present the nodalization of the secondary coolant
system. The main and emergency feedwater connections to the steam
generators were modeled. The main steam lines were modeled from the steam
generators to the main steam control valves. Several connections to each
steam line upstream of the main steam isolation valves (MSIVs) were also
modeled: five relief valves (lumped into three valves), one atmospheric

dump valve, and the steam supply to the EFW pump turbine.

2.2 Initial Conditions

The initial conditions used in the RELAPS calculations are compared to
the actual transient initial conditions in Table 1. The plant initial
conditions were obtained from strip charts and computer printouts. The
RELAPS initial values were obtained from a steady state calculation in
which the reactor coolant pumps, chemical and volume control system (CVCS),
and feedwater and steam flows were operated by control systems. The
agreement between the calculated and actual values was generally
excellent. Differences in the reactor coolant flow and the steam generator
level could have been caused by how these parameters were controlled in viw
calculation and by uncertainties in the measured data.

2.3 Boundary Conditions

The boundary conditions described below are those that were assumed
for the RELAPS calculations. At transient initiation, the reactor was
scrammed, main feedwater was shut off, and the MSIVs began to close. The
charging pumps were stopped, and the letdown valve was held in its steady
state position,

10



TABLE 1. INITIAL CONDITIONS

. Parameter
Core power, %

Pressurizer pressure, MPa (psia)
Hot leg temperature, K (°F)

Cold Teg temperature, K (°F)
Pressurizer level, %

Reactor coolant flow, kg/s (1bm/s)
Charging flow, 1/s (gpm)

Letdown flow, 1/s (gpm)

Steam generator pressure,
MPa (psia)

Steam generator narrow range

lTiquid lTevel, %
Steam flow, kg/s (1bm/s)

Feedwater flow, kg/s (1bm/s)

RELAPS

91

15.44 (2240)
592.4 (606.7)
562.4 (552.7)
49

15,300 (33,700)

2.78 (44.0)
2.74 (43.5)
6.34 (920)

89

720 (1590)
720 (1590)

—tl0k
91

15.44 (2240)
593 (607)

562 (552)

49

16,900 (37,200)
unavailable
unavailable

6.14 (890)

74

730 (1600)
730 (1600)

11



At 0.8 s, the reactor cooclant pumps were tripped.a The MSIVs were
closed at 3.0 s. Power from the diesel generators was available beginning
at 14.3 5.2 The letdown valve returned to automatic cperation at this

time. At 16.3 s, the charging pumps were available and the turbine=driven
EFW pump started. The motor=-driven EFW pump started 20 s after the diesel
generators were available. Each EFW puinp provided 36.3 1/s (575 gpm) of
303 K (85°F) water. Power to 300 kW of proportional pressurizer heaters
was available at 104.3 s. The loading sequence for the diesel generators

was cbtained from the final safety analysis report.

The decay power was calculated using a separate effects RELAPS model ,
and was based on 100 full power days of operation prior to the scram.

Ir nearly all the calculations. the pressurizer level setpoint was

changed to 50%, regardless of the ave:age temperature, to reflect

Combustion Engineering guidelines for operators following a LOSP.

a. Event time obtained from Reference 2.
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calculated pressure between 500 and 650 s were related to a transition in
the condensation model in RELAPS, and did not reflect a realistic pressure

behavior,

The pressurizer level comparison is shown in Figure 8. The rapid
level decrease was the result of the post-scram shrink. The level increase
between 50 ‘and 300 s was caused by the coolant heatup, and the gradual
increase through the rest of the transient reflected the liquid injection
by the CVCS.

Figure 9 presents the hot leg temperature comparison. The temperature
decreased snarply in the first 50 s as the core power was reduced after
scram and the flow was still relatively high. As the pumps coasted down,
the flow was decreasing faster than the power, so the liquid passing
through the core was heated more, and the temperature increased. The
temperature then decreased after about 300 s as natural circulation flow
was fully established and the power slowly decreased.

The cold leg temperatures are compared in Figure 10. The increase in
temperature in the first 20 s was caused by a reduced heat transfer rate to
the secondary coolant system. The steam generators were isolated (no
feedwater, MSIVs closed), increasing their pressures (and temperatures) and
reducing the temperature difference across the steam generator tubes. The
pumps were coasting down, which reduced the heat transfer coefficient on
the primary side of the tubes. These factors combined to reduce the heat
transferred from the liquid as it passed through the steam generator. The
temperature then decreased as the steam generator pressure decreased and
the core power decayed. The slight temperature increase in the data
beginning at approximateiy 700 s was caused by increasing pressure in the
steam generator secondary side.

The steam generator pressures are compared in Figure 11. The pressure
increased as the MSIVs were closed and heat continued to be transferred
from the reactor coolant system. The lowest pressure steam line relief
valves npened at about 5 s. In the calculation, the pressure slowly
decreased after 100 s as the EFW was able to condense more steam than the

17






steam. The former could be accomplished through any of the connections to
the main steam lines, while the latter could be accomplished by providing

more feedwater or colder feedwater,

The first set of sensitivity calculations involved adjustments to
components that, as originally modeled, may not have reflected as-built
conditions. The EFW flow was increased 10% for the first 300 s of the
transient., This did not affect the secondary pressure very much, so steam
release paths were investigated The steam line relief valve reseat
pressure was reduced from 7.536 MPa (1093 psia) to 7.240 MPa (1050 psia),
but again this had little effect on the long term pressure behavior. Since
altering the existing flows into and out of the steam generator secondary
dia not significantly affect the response, it was assumed that the
atmospheric dump valves were used. This assumption is also consistent with
the steam generator pressure slope changes at 30C and 600 s. The leveling
off of the pressure at about 300 s could have been caused by the throttling
an open dump valve, while the pressure increase starting at 600 s could
have been the result of closing an open dump valve.

Several sensitivity calculations were then performed involving
adjustments in the atmospheric dump valve operation. First, the steam dump
and bypass control system (SDBCS) was used. Figure 13 shows the steam
generator pressure response from this calculation, the base calculation,
and the data. The dump valves (one in each steam line) opened at about
20 s, causing a rapid depressurization until the valves closed at
approximately 85 s. The steam generators depressurized far below the data,
resulting in primary system parameters (pressure, temperature, pressurizer
level) that were alsc too low. This indicates that either the available
information was not sufficient to mode! the control system correctly or the
dump valves were controlled manually instead of automatically.

The dump valves were then opened various amounts, beginning when the
relief valves 1ifted (about 5 s). Figure 14 shows the steam generator
pressure from two cases that bounded the data. The pressure decreased too
quickly when the dump valves were 10% open. The calculated depressuri=
zation rate was generally good in the case in which the valve was 5% open
until 100 s, then was throttled to 3% open.

19
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At this point, rather than trying to operate the dump valves to match
the measured steam generator pressure, the measured steam generator
pressure was used as a boundary condition for the calculation. Steam was
allowed to pass through one dump valve in order to match the calculated
steam generator pressure with the measured data. This allowed an
evaluation of the primary system parameters for the given secondary system
conditions. Comparisons of major parameters from this controlled secondary
pressure case, the base case, and the measured data are presented in

Figures 15 through 21.

The pressurizer pressures are compared in Figure 15. In the
controlled steam generator pressure case, the pressure was too low through
most of the transient. The trend of the curve was also not as good as in
the base calculation. This difference will be discussed later. Figure 16
presents a comparison of the pressurizer levels. Again, the trend in tie
controlied pressure case was not very good, although the magnitudes agreed
fairly well through most of the transient. The slope changes in the
pressurizer pressure and level between 600 and 700 s in the controlled
pressure case were caused by the increases in the steam generator pressures
starting near 600 s. The increasing steam generator temperature caused the
primary system average temperature rate of decrease to slow down. The
slower shrink of the reactor coolant, coupled with no change in the CVCS
operation, caused the calculated pressurizer level and pressure to increase
at a faster rate. Since this change was not seen in the data, it is
believed that the operators changed the CVCS operation to reduce the net
inflow to the reactor coolant system at this time. Both the pressurizer
pressure and level calculations could have been improved by reducing the
net CVCS flow into the system at 600 s.

Figure 17 presents a steam generator pressure comparison. The
difference in pressure between the controlled pressure case and the data in
the first 100 s was caused by the fact that the pressure was controlled
through only one dump valve in the calculation. This shows that the MSIVs
probably did not close as early as it was assumed. The pressure decrease
at about 55 s was probably caused by an atmospheric dump valve opening.

The slope change in the steam generator pressure near 300 s could have been

21
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caused by the partial closing of the valve, and the repressurization

starting at 600 s corresponded to the valve being closed. . |
|
|

A steam generator level comparison is presented in Figure 18. The
rate of the level increase between 300 and 700 s was greater in the
calculations than in th~ data, indicating the EFW pumps may not have been
delivering full rated flow. The steady level in the controlled pressure
case after 700 s was caused by code problems related to the condensation

mode ] .

Hot Teg temperatures from the controlled pressure and base cases are
compared with the data in Figure 19. In the controlled pressure case, the
temperature rise associated with the flow coastdown (50 to 300 s) was not
as great as in the data or the base case. The trend through the rest of

the transient was good.

Figure 20 presents a comparison of the cold leg temperatures. The
initial temperature increase was not as large as in the base case, although
both calculations were higher than the data. There was good agreement .
between the controlled pressure case and the data through most of the

transient.

The loop average temperatures are compared in Figure 21. While the
controlled pressure case was closer to the data than the base case, the
difference in trend between the controlled pressure case and the data
from 50 to 350 s is significant, and can explain the trend differences seen
in the pressurizer pressure and level. In the plant data, the average
temperature increased during the iime that natural circulation was being
established (100-300 s), while in the calculation it decreased. The :
increase in the average temperature caused the liquid to expand, which
together with CVCS injection caused the pressurizer level to increase. The
increasing level compressed the vapor, causing the pressure to increase.

Thus, by changing the average temperature, the correct pressure and
level response should be obtained. Since the secondary system pressure was
already controlled, some parameter in the primary coolant system should .
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have been responsible for the differences between the calculated and
measured average temperatures. The reactor coolant pump coastdown was
believed to be the most likely cause of the differences.

A constant friction torque term of 2530 Nem (1866 ftelbf) was
adged to the modeled pumps. This value was taken from CESSAR 80 pump
information since no information on the ANO-2 pumps was available. The
transient was calculated again with the steam generator pressure
controlled. The addition of the friction torque resulted in a faster pump
coastdown. The effect of the pump friction on the transient is shown in
Figures 22 through 25.

The hot leq flows from the controlled pressure cases with and without
pump friction are shown in Figure 22. It can be seen that adding a pump
friction term reduced the pump coastdown time from about 400 s to about
80 s.

Figure 23 shows the loop average temperature from the pump friction
calculation compared with the data and the controlled pressure case without
pump friction. The faster coastdown caused a large increase in the average
temperature between 50 and 150 s. This in turn caused increases in the
pressurizer pressure and level, shown in Figures 24 and 25, respectively,
that occurred earlier than the increases in the data. This indicated that
a pump coastdown rate between the two calculated here may yield better
agreement with the measured primary system response. The results
illustrated that the primary system behavior was sensitive to the pump
coastdown.

3.2 Natural Circulation

In the base and controlled pressure calculations, fully developed
natural circulation was established by 400 s, when the pump head dropped
below zero, indicating that the flow was moving the impeller rather than
vice versa. In the pump friction case, natural circulation was fully
developed by 100 s. In all the calculations, the mass flow rate remained
relatively constant after natural circulation was fully established.
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The hot leg mass flow rates from four different calculations are
presented in Figure 26. The fact that the flow was the same for the base
case, controlled pressure case, and SDBCS case, despite the widely varying
secondary system responses, indicated that as long as the heat sink was
available, the same steady natural circulation flow would be established
regardless of the steam generator behavior. When the friction torque was
added to the pump model, the flow coasted down much faster, and a steady
natural circulation flow rate was established at a slightly lower value

than in the other cases.

Mass flow rates in the range of 4 to 5% of normal operating flow, as
were calculated in natural circulation, are not normally within the
measurement range of plant flow instrumentation. Therefore other
measurements that are available need to be examined to determine the

presence of natural circulation cooling.

One indication of loop flow was the coupling between the cold leg
temperature and the steam generator secondary temperature. Figure 27 shows
these two temperatures from the controlled pressure calculation. It can be
seen that the cold leg temperature was within about 1 K (1.8°F) of the
steam generator saturation temperature through most of the transient. The
flow rate was low enough that the liquid passing through the steam
generator tubes was cooled nearly to the secondary side temperature.

Figure 28 shows the corresponding temperatures from the transient data.
Again there was yood agreement between the two, given the uncertainty in
the measurements and the digitization.

The Toop flow was also reflected in the loop temperature difference;
that is, the difference between the hot and cold leg temperatures in a
given loop. Figure 29 presents the loop temperature difference from the
base case, the controlled pressure case, and the data. Three phases of
loop flow are reflected in this figure. From the transient initiation
until about 50 s, the plant was in forced convection cooling. The core
power decreased more rapidly than the flow, sc the loop temperature
difference also decreased. As the flow coastdown continued and the core
power decay slowed, the liquid passing through the core began to heat up
more, increasing the hot leg temperature and the loop temperature
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difference. The loop temperature difference continued to increase until it
reached a fairly constant value around 350 to 400 s. As mentioned above,
fully developed natural circulation flow was present by 400 s. The
increasing temperature difference was an indication of the transition from
forced convection to natura) circulation, while the constant temperature

difference indicated natural circulation was fully established.

The oscillations in the loop temperature difference around the average
value during fully developed natural circulation were caused by changes in
the steam generator temperature coupled with the loop transit time. For
example, in the controlled pressure case, the steam generator pressure
increased near 600 s. This caused an increase in the cold leg temperature,
which was reflected as a reduction in the loop temperature difference. As
this warmer fluid reached the core it was heated above the hot leg
temperature at that time. When this hotter fluid reached the hot leg
temperature measurement location, the loop temperature difference increased
back to the steady state value. The i.ansit time for the fluid to pass
from the measurement location in the cold leg to that in the hot leg was
about 100 s in this calculation during fully developed natural

circulation. The total loop transit time was about 170 s.

The loop temperature difference behavior can be afiected by the pump
and steam generator secondary behavior. Figure 30 presents the temperature
difference from the pump friction and SDBCS cases, as well as from the base

case, controlled pressure case, and data.

The increased pump friction caused a faster flow coastdown, which
resulted in a larger, more rapid increase in the loop temperature
difference. The pump coastdown was complete and natural circulation
established by 100 s. The increased flow resistance caused by the pump
friction in this calculation resulted in a lower mass flow rate. This
meant the loop transit time was increased, so that by 100 s the steady
state natural circulation loop temperature difference had not yet been
established, although the steady flow rate had been established. The
decrease in the loop temperature difference between 150 and 400 s was
caused by the core power decay.
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The effect of the steam generator pressure (temperature) on the loop

temperature difference was shown in the SDBCS case. When the atmospheric
dump valves opened at about 20 s, the steam generator pressure decreased
rapidly, as did the cold leg temperature. This caused a sharp increase in
the temperature difference. As the colder fluid reached the hot leg, the
temperature difference decreased again. After the dump valves closed at
about 85 s, the secondary pressure remained fairly constant. The loop
temperature difference was then comparable to that in the base and
controlled pressure calculations. This indicated that the loop temperature
difference and flow rate in steady, fully developed natural circulation
flow were determined by the core power and the loop flow resistance: the
temperature of the heat sink was not significant. A changing steam
generator temperature did, however, have a transient effect on the

temperature difference, as described above.
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4. CONCLUSIONS

Conclusions drawn from the analysis of the June 24, 1980 LOSP .

transient at ANO-2 are presented below.

Modeling the plant using only the operational information provided in
Reference 2 was not sufficient to explain the plant transient response.
The differences between the plant data and the calculations showed that

some systems were controlled manually rather than automatically.

The operators manually controlled the atmospheric dump valves and the
CVCS during the transient. The atmospheric dump valves upstream of the
MSIVs opened by 55 s to reduce the steam generator pressure, then were
closed near 600 s. These operations were seen in the steam generator
pressure slope differences between the base calculation and the data. The
CVCS was controlled manually by 500 s to increase the pressurizer level
above the programmed setpoint. This operation was shown by the plant strip
chart data. The CVCS operation was changed again near 600 s to slow the
pressurizer pressure and level increases. The controlled pressure .
sensitivity calculation showed that the net CVCS inflow to the primary
system had to be reduced at this time to compensate for the closing of the

atmospheric dump valves.

The reactor coolant system response was sensitive to the steam
generator secondary behavior. The steam generator temperature affected the
primary system hot and coid leg temperatures. The cold leg temperature was
close to the steam generator temperature through most of the transient.
Since the pressurizer level and pressure were sensitive to the average

temperature, they were indirectly affected by the steam generator pressure.

The reactor coolant system response was very sensitive to the flow
coastdown rate. In the pump friction sensitivity calculation, the faster
flow coastdown caused larger and earlier increases in the hot leg and
average temperatures. This in turn caused the pressurizer level and
pressure to increase faster in the calculation than in the data.
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The core power and loop flow resistance determined the steady loop
temperature difference and the mass flow rate in fully developed natural
circulation. While the secondary coolant system did affect the loop
temperatures, it did not affect the mass flow rate and had only a transient
effect on the steady loop temperature difference. Natural circulation was
present in each of the calculations performed, and was fully developed (no

positive pump work) by 400 s.

The presence of natural circulation was evident in the plant
temperature response. This was important because natural circulation flow
rates are generally not within the measurement range of plant loop flow
instruments. When natural circulation was present, the cold leg
temperature was very close to the steam generator seccndary temperature.
An indication of fully developed natural circulation was a fairly constant
loop temperature difference while the hot and cold leg temperatures were
changing. Perturbations in the loop temperature difference were seen as
the steam generator pressure changed, but the temperature difference
returned to the steady value as the warmer or cooler fluid passed through
«he coolant loop. The loop temperature difference also slowly increased
during the transition from forced convection to natural circulation
cooling, although this indication could be clouded by transients in the

steam generator pressure.
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