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ABSTRACT

The turbine trip that occurred at Arkansas Nuclear One Unit 2 on
anuary 29, 1980 was analyzed using the RELAPS computer code. The
transient was irvestigated to understand the overall plant response,
particularly in relation to natural circulation cooling. Sensitivity
alculations were performed to explain the transient response. Methods of
dentifying the presence of natural circulation cooling were investigated. ‘

FIN No. A6234--Analytical Assessment of Reactor Operational Events
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A stable natural circulation flow was established in each of the

calculations that extended past the reactor coolant pump coastdown. The
transition to and presence of natural circulation cooling in both the plant
and the calculations could be inferred from temperature measurements. The
cold Teq temperature was closely coupled to the steam generator temperature
during natural circulation. Also, the difference between tta hot and cold
'eg temperatures increased during the transition from forced convection to
natural circulation cooling, then stayed fairly constant in fully developed

natural circulacion flow.
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1. INTRODUCTION

The turbine trip that occurred at Arkansas Nuclear One Unit 2 (ANO-2)
on January 29, 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's Office for Analysis and Evaluation of
Operational Data. The objectives of the 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.

AND-2 is a Combustion Engineering PWR with a rated core power of
2815 MW(t). On January 29, 1980 it was operating at 98% power when a
turbine trip test was initiated. As the primary and secondary system
pressures increased, the turbine bypass valves, one atmospheric dump valve
(ADV), and one pressurizer spray valve opened. Decreasing liquid level in
the steam generators caused a reactor scram and initiated emergency
feedwater (EFW) injection. As the pressures decreased, the valves listed
above were signaled tc close, but the spray valve and the ADV stuck open.
The stuck open valves caused a continued depressurizaticn of the primary
and secondary coolant systems. The pressure decreased far enough to allow
the high pressure safety injection (HPSI) system te inject liquid into the
primary coolant sysiem. The reactor coolant pumps (RCPs) were tripped
manually because the plant behavior was indicative of a small break loss of
coolant accident. This action stopped the pressurizer spray. The main
steam isolation vaives (MSIVs) cliosed on a low steam generator pressure
trip, isolating the open ADV. The pressures then began to recover.

RELAP‘E:l.8 is an advanced computer code designed for best estimate
thermal-nydraulic analysis of postulated l1ight 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 RELAP5/MOD1.6 cycles 12, 13, and 14, which have been stored



under Configuration Control Numbers F01245, F01261, and F01277,
respectively, at the Computer Science Laboratory at the Idaho National

Engineering Laboratory.

The data presented in this report were digitized from plots presented
in "NSSS Transient Tests at ANO-Z“.9 The quality of the measured data
was not known. Some of the plots 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 € 1 s for the first 60 s, and € 30 s thereafter.

This report is the fifth in a series of analyses of natural
circulation events in PWRs. Previous analyses investigated loss of

»10 111

yff-site power transients at ANO-2 and ANO- , 4 reactor coolant

12
pump trip at McGuire,'“ and a natural circulation test at North Anna.12

A description of the RELAPS model of ANO-2, including the initial and
boundary conditions, is presented in Section 2. Results of the analysis of
the turbine trip are presented in Section 3. Conclusions drawn from the
analysis are presented in Section 4. References are presented in Section 5.



2. MODEL DESCRIPTION

The RELAPS nodalization of ANO-2 used in the analysis is aescribed in
Section 2.1. The initial conditions are described in Section 2.2, and the

boundary conditions are discussed in Section .83
2.1 Nodalization

The RELAPS mode! of ANO-2 consisted of 207 volumes, 215 junctions, and
171 heat structures. Nodalization diagrams for various parts of the plant
are presented in Figures 1 through 5. The hydrodynamic components were
modeled to represent the actual flow areas, lengths, volumes, and elevation
changes that exist in the plant. The heat structures were modeled to
represent the actual stored energy and heat transfer area of the metal
components of the plant.

The nodalization of the coolant loops is shown in Figure 1. Both
loops in the plant were modeled with each containing one hot leg, one steam
generator, two cold legs, and two reactor coolant pumps. The pressurizer
was connected to the A loop hot leg. The pressurizer model included the
heaters, the surge line, and the main spray line. Flow from the HPSI pumps
was injected into each cold leg. Charging flow was injected into one cold
leg in each loop, and letdown was taken from one of the pump suction legs.
Contro)l systems were provided to operate the charging, letdown, and
pressurizer heaters as they are operated in the plant. The charging anc
letdown were controlled by the deviation from the pressurizer setpoint
level, which was determined by the loop average temperature. The
proportional heater power varied linearly from full power at 15.34 MPa
(2225 psia) to zero at 15.69 MPa (2275 psia).

The nodalization of the reactor vessel is shown in Figure 2. The
reactor vessel was modeled to include the downcomer, lower plenum, core,
upper plenum, upper head, core bypass flow paths, internals, and fuel
rods. The modeled core bypass flow paths included the outlet nozzle
clearances, the alignment key-ways, the support cylinder holes, the core
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shroud clearances, and the guide tubes. The outlet nozzle clearance and
alignment key-ways paths were lumped together and connected the inlet
annulus to the upper plenum. The support cylinder holes, core shroud
clearance paths and guide tubes were lumped together as a fiow path
paralle] 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 through 5 present the nodalizat‘on 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. Connections to the steam
lines included steam supply lines to the main and emergency feedwater pump
turbines, the four available steam dump and bypass valves, the lowest
pressure relief valves, and a cross-tie between the main steam lines.

2.2 Initia)l Conditions

The initial conditions used in the RELAPS calculations are compared to
the actua) transient initial conditions in Table 1. The plant initial
conditions were obtained from Reference 9. The RELAPS initial values were
obtained from a steady state calculation in which tiie reactor coolant
pumps, chemical and volume control system, and feedwater and steam flows
were operated by control systems. The agreement between the calculated and
actual values was general!ly excellent. The difference in the reactor
coolant flow was not consicdered significant because the measured flow rate
was inconsistent #ith the powar and the hot and cold le¢ temperatures.

2.3 Boundary Conditions

The boundary conditions described below are those that were assumed
for the RELAPS calculations.

At transient initiation, the steam control valves began to close,
simulating a one-second closing of the turbine stop valves, and a
one-second feedwater coastdown was initiated, simulating the zlosing of the



v

ABLE 1. INITIAL CONDITIONS

__Parameter

Core power, MW

Pressurizer pressure, MPa (psia)

Hot leg temperature, K (°F)
old leg temperature, K (°F)

Pressurizer level, %

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

Charging flow, 1/s (gpm)

etdown flow,

1/s (gpm)

oo

oron concentration, ppm

Steam generator pressure,
MPa (psia)

Steam generator narrow range
liquid Tevel, %

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

Feedwater flow, kg/¢ (1bm/s)

RELAPS

2764
15.55 (22%6)
594.5 (610.4)
562.0 (552.0)
49 .4
15,190 (33,490)
2.52 (3%.9)
2.48 (39.4)
599
6.25 (907)

73

767 (169C)
767 (1690)

Plant

2764
15.55 (2256)
594 (610)
562 (552)
49.2
16,760 (36,950)
2.85 (45.2)
2.55 (40.4)
599
6.26 (508)

72

815 (1800)
787 (1740)

10



feedwater control valves. At 2 s, the steam dump and bypass valves were
opened, as were the pressurizer spray valves. The reactor was scrammed and
the EFW injection started at 6.1 s. The EFW system provided 36.3 1/s

(575 gpm) of 304 K (88°F) water to each steam genevator.

At 24.5 s, the turbine bypass valves and one pressurizer spray valve
were closed. The ADV remained full open, and one pressurizer spray valve
remained half open. It was not known how far open the spray valve actually
remained. The RCPs were tripped between 200 and 204 s. The safety
injection actuation signal (SIAS) was reset at 700 s.

The core power was calculated using the point kinetics available in
RELAPS., The power history prior to the transient initiation was obtained
from Reference 13. Reactivity coefficients and weighting factors were
obtained from References 14 and 15, and were based on a fuel burnup of
3200 MWD/MTU.

11



3. TRANSIENT ANALYSIS

Results of the evaluation of the plant thermal-hydraulic response during
the transient are presented in Section 3.1. An analysis of how the various
conditions simulated in the sensitivity studies affected natural circulation
and of how natural circulation might be identified is presented in Section 3.2.

3.1 Transient Investigation

The sequence of events for the turbine trip test is presented in
Table 2. The information for the table was obtained from References 9 and 16.

A base calculation was performed using only the boundary conditions
described in Section 2.3. Major parameters from tnis calculation are compared

with the plant data in Figures 6 through 11.

Figure 6 presents the pressurizer pressure comparison The pressure
increased following the turbine trip because the steam generators were aot
removing as much energy from the reactor coolant system (RCS) as before and
the core power rema‘ned high. This caused a temperature increase in the RCS
liquid, decreasing ts density ano increasing the 1iquid volume, which
compressed the steain in the pressurizer and raised the preszure. The
caiculated pressuri_ation rate decreased at 2 ¢ as the pressurizer spray began
condensing steam. The pressure Desan te decrease at 8 s, shortly after the
reactor scram (6.1 :). As tho power decreased feliowing the scram, the steam
geierators began removing aore energy from the RLS than th2 core was putting
in, requcing che Tiquid temperature and reversing the process thut caused the
initial pressurization. The depressurization rate cecreased between 25 and
30 s because the turbine bypas; valves closed, reducing the energy removal
through the steam generators, and because a pressurizer spray valve closed,

reducing the steam condensation in the pressurizer. The depressurization rate
increased near 170 s in the calculation (125 s in the data) as steam from the
pressurizer began ertering the hot Teg. The pressure decreased more rapidly
because there was no saturated liquid remaining that could flash to steam as




TABLE 2. SEQUENCE OF EVENTS FOR THE TURBINE TRIP TEST

Time
(s) e Event e ———————
0.0 Main turbine tripped
2.0 Turbine bypass valves, ADV, pressurizer spray valve signaled to
open
6.1 Reactor scram; emergency feedwater actuation signal generated
21 Turbine bypass valves, ADV, pressurizer spray valve signaled to
close
29 Turbine bypass valves closed
102.6 SIAS
144 Pressurizer emptied
200 RCP B tripped
202 RCPs A and C tripped
20 RCP D tripped
241.5 Main steam isolatifon signal
274 ADV closed manually
103 Pressurizer leveil on-scale
~700 Reset STAS

13
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the pressure dropped, and because the steam that entered the hot leg was
quickly condensed by the subcooled liquid in the piping, thus reducing the
total amount of steam. The calculated depressurization stopped shortly
after the MSIVs closed near 185 s. The steam flow from the steam
generators decreased because the spen ADV was isolated from the steam
generators, so the energy removal from the RCS decreased. Also at 185 s,
the pressure had dropped far enough that HPSI began. The reactor coolant
pressure degan to increase after the RCPs were tripped around 200 s. As
the flow coasted down, the liguid passing through the core was heated more,
which in tu~n caused the RCS to heat up and pressurize. Also, the
pressurizer spray through the stuck open spray valve was eliminated when
the pumps were tripped. The pressure leveled off after about 600 s because
the insurge of cocler liquid from the hot leg to the pressurizer condensed
sufficient steam to balance the compression of the vapcr.

The calculated pressure trends and values agreed very well with the
data until the MSIVs closed. The data did not show sharp slope changes
when the MSIVs closed or when the pumps were tripped. The difference in
trend after 600 s was primarily caused by an excessive condensation rate in
the calculation during the insurge to the pressurizer.

The pressurizer levei compariscn 1s shown in Figura2 7. Mo level data
were availahle after about 65 s The level increased following the turbine
trip as the liguid in the RCS heated and expanded. The level began to
decrease artter the reactor scrammed berause the RCE iiouia was cooling.

Tre rate cf the level cecrease dropped acund 30 s in both the zalculztien
and the data because the turdine bypass valves Closed, slowing the cocldown
of the RCS. In the calculation, the leve! remained nearly conmstant between
170 and 220 s because mostly steam was being drawn through the surge line
to the hot leg. The level did not decrease to 0.0 because the pressurizer
was modeled such that there was a stagnant volume below the surge line
connection to the pressurizer. This volume remained filled with liquid
through most of the transient. The level then began to increase because of
injection from the charging and HPSI pumps and increasing RCS temperature.
The slope change at about 340 s was caused by a change in the calculated

17




condensation rate. The level continued to increase as the three charging
pumps kept injecting lTiquid into the system. At 700 s the SIAS was reset,
allowing the letdown flow to be reinstated, and the level increase slowed.

The hot Teg temperatures are compared in Figure 8. The calculated hot
leg temperature increased after the turbine trip because the steam
generators were vemoving less energy from the RCS than the core was
adding. This condition was reversed after the reactor scram, and the
temperature decreased. The decrease was slowed around 30 s in both the
data and the calculation when the turbine bypass vaives closed, reducing
the energy removal through the steam generators. The calculated
temperature leveled off when the MSIVs closed near 185 s, and increased
after the RCPs were tripped around 200 s. The flow coastdown caused the
fluid passing through the core to be heated more. The temperature rose
more slowly and then decreased after about 500 s as natural circulation
flow was established and the steam generators cooled the RCS. The measured
temperature did not have sharp changes in slope when thc pumps were tripped
near 200 s or when the MSIVs closed near 240 s. The difference in trend
after about 400 s was caused by differences in the calculated and measured .
steam generator behavior that will be discussed later.

“igure 9 presents 2 comparison of the temperstures from becth cold legs
in the A Joop. The cc'd leg temperature increased in the calculaticn and
the data as c¢he FCS heated up follewing the turbine trip. The temperatures
decreesed afier the reactor scrammed at 6.1 s. The tempecatures then
followed the steam cererator secondary “emperiture, because the rezctor
power was low encugh and the loop flow high encugh to coal the reactor
cociant nearly tc the :team generaior temperature as it flcwed through the
steam generator tubes in both forced and natural circulation flow. The
calculated temperature decreased until the MSIVs closed, then remained
nearly constant for 50 to 100 s before decreasing again. The differences
between the calculated and measured temperatures were caused by differences
in the steam generator behavior that will be discussed later. The
difference between the two calculated temperatures after about 200 s was
caused by the charging flow. Charging flow entered one cold leg in each
loop, and the cold leg temperature measurement was located downstream of .
the injection location.

18



The pressures from both steam generators are compared in Figure 10.
‘ The closing of the turbine stop valves caused a rapid increase in pressure
as the transient began. This increase was slowed by the opening of the
turbine bypass and atmospheric dump valves at 2 s. At 6.1 s, the reactor
scrammed, reducing the heat input from the RCS, and the EFW injection
began, condensing some of the steam in the steam generators. The pressure
peaked around 12 s, then began to decrease because the steam release and
condensation rates were greater than the boiling rate around the tubes.
The calculated pressure increased briefly after the turbine bypass valves
closed around 25 s, then began to decrease again. The measured
depressurization rate decreased significantly when the bypass valves
closed. Both pressures continued to decrease until the MSIVs closed. The
higher depressurization rate in the calculation was caused by a higher
steam flow through the open ADV. After the MSIVs closed, the pressure
increased unti] the heat transfer from the RCS decreased so that the vapor
generation rate was offset by the condensation rate. The pressures then
decreased because the EFW condensed more steam than the heat input from the
RCS could generate. The change in slcpe in the A steam generator data near
‘ 340 s may have been caused by a reduction in the EFW flow rate, which would
have reduced the condensation rate. The increase in the measured B steam
generator pressure after about 500 s was caused by increased heat transfer
from the RCS as it heated up. The increasing pressure trend and the
associated increasing RCS temperature was not seen in the calculation
because the EFW fiow to the two steam generators was high enough to remove
all of the decay heat.

Figure 11 presents a comparison of the narrow range liquid levels for
both steam generators. The calculated lavels remained off scale for most

» of the transient, indicating that the initial steam generator liquid masses
were different in the caiculation and in the plant, that there were
2 differences in the mass distribution in the steam generators between the

plant and the calculation during the transient, or that the main feedwater
coastdown was not as rapid as was assumed. Since the measured level in
steam generator A dia not go off scale, while that in steam generator B
did, it appeared that more feedwater was delivered to steam generator A
. than to B in the first 50 s of the transient. This was confirmed by the
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feedwater flow data. The rates of the calculated level increases after

650 s indicated that the EFW flow rate into steam generator B was good, but
that the flow into steam generator A was too high. This latter
observation, together with the change in the rate of the A steam generator
measured level increase near 340 s, were further indications of a reduction

in EFW flow to the A steam generator around 340 s.

In general, the calculated trends agreed very well with the data unti)
the MSIVs closed After the MSIVs closed, the differences in trend were
primarily caused by differences in the steam generator behavior. The
faster depressurization ¢f the steam generator in the calculation resulted
in the MSIVs closing before the RCPs were tripped, whereas in the actual
transient the MSIVs closed after the pump trip.

In order to determine if there were any phenomena occurring in the R(S
that were being masked by the differences in steam generator behavior, a
calculation was performed in which the steam generator pressures were
controlled to match the data. Also, the pressurizer spray valve was
assumed to be stuck full open to compensate the slower RCS depressurization
expected with the slower steam generator depressurization. Figures 12
through 15 present comparisons of the results of this calculation with the
base calculation and the data.

The pressurizer pressures are compared in Figure 12. The controlled
pressure calculation and the data were in excellent agreement until about
125 s. At that time, the data responded to the emptying of the
pressurizer, while in the caiculation the pressurizer level remained high
enough that no steam was drawn into the surge line. In the controlled
pressure calculation, the depressurization rate slowed after the RCPs were
tripped around 200 s because the lower flow rate resulted in an increasing
hot leg temperature. The pressure began to increase after the MSIVs closed
because the RCS liquid was heating up and expanding. The steady pressure
between 300 and 360 s was the result of excessive condensation in the
pressurizer and was not realistic. The pressure increase after 360 s was
not reasonable (in light of the pressurizer level response) and was caused
by a problem in RELAPS that began when subcooled liquid was introduced to a
volume filled with superheated steam.
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Figure 13 presents the pressurizer level comparison. As in the base
calculation, the rate of the level decrease slowed after the turbine bypass
valves closed near 25 s. The level continued to decreasc as the RCS cooled
until after the MSIVs closed near 245 s. However, the level did not
decrease far enough to alluw steam to be drawn from the pressurizer to the
hot leg. The level began tc increase after the MSIVs closed because the
reactor coolant began to heat up. The constant level after 360 s was not
realistic. and was caused by the same code problem that caused the pressure

increase during this time.

The hot leg temperature comparison is shown in Figure 14. The slope
of the temperature in the controlled pressure calculation agreed much more
closely with the data during the first 200 s than did the base calculation
temperature. The calculated temperature decrease stopped when the RCPs
were tripped. The temperature slowly increased as the pumps coasted down,
with the rate increasing after the MSIVs closed.

The cold leg temperatures from the A loop are compared in Figure 15.
The measured and calculated cold leg temperatures were in excellent
agreement. This was expected because the steam generator pressure was
controlled to the data, and after the reactor scram the cold leg
temperatures were very close to the steam generator secondary temperatures
in both forced and natural circulation cooling.

The zontrolled pressure calculation agreed fairly well with the RCS
data, except for the pressure response associated with the apparent
emptying of the pressurizer. Since the calculated and measured
temperatures were in good agreement, the amount of coolant shrink was not
believed to have been responsible for the difference. To get a better
pressure response, a calculation was performed in which the initial
pressurizer level was reduced to 35%, with the steam generator pressures
still controlled to the data. The level was reduced tc 35% so that the
pressurizer would empty at approximately the same time that the
depressurization rate increased in the data. The results of this
calculation are compared with the controlled pressure calculation and the
data in Figures 16 through 19.
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Figure 16 presents the pressurizer pressure comparison. As expected,
the pressure trends were more closely matched between 100 and 200 s. In .
the pressurizer level calculation the rapid depressurization stopped at

about 210 s, or € s after the 'ast RCP was tripped, whereas in the data the
depressurization rate had decreased before the pumps were tripped. The

overall trend in the calculation after 250 s was to increase the pressure

as the RCS heated up, but the calculated condensation rate in the

pressurizer during the insurge was too high. The decreases in pressure

near 315 and 610 s occurred when volumes in the modeled pressurizer filled

with liquid, and were not realistic.

The pressurizer level comparison is presented in Figure 17. Steam
started to flow from the pressurizer at about 130 s, and the level did not
Degin to increase until about 260 s. The changes in the rate of the level
increase at 315 and 610 s were caused by reductions in the calculated
condensation rate that occurred when a volume in the pressurizer model was
filled. The slope change at 700 s was caused Dy the reinstatement of
letdown flow when the SIAS was reset, resulting in a lower net inflow to ‘
the RCS.

Figure 18 shows a comparison of the hot leg temperatures. The trends
and slopes of the calculated temperature agreed very well with the measured
temperature. Again the temperature increased faster in the calculation
than in the data after the pumps were tripped and the MSIVs closed.

The calculated and measured cold leg temperatures were in excellent
agreement throughout the transient. The calculatec temperature was very

close to that shown in Figure 15.

The 1iquid levels from both steam generators are presented in
Figure 19. The levels from the controlled pressure case are not showa
Decause they remained off scale until nearly the end of the calculation.
The calculated Tevels remained too low through most of the transient. A
better calculation of the level in the A steam generator could have been
achieved by allowing a slower main feedwater flow coastdown. The
differences in the B steam generator level were probably caused by .
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differences in mass distribution in the steam generator between the plant
and the calculation because of the excellent agreement in the calculation
and data after 700 s. This agreement also indicated that the EFW flow to
the B steam generator was close to that in the plant. The slope of the A
steam generator level after 650 s again indicated that too much EFW was
being injected. A separate calculation indicated that a reduction in the
EFW flow to steam generator A of about 25% would have resulted in a good
agreement between the calculated and measured slopes after 650 s.

The only difference between the lower pressurizer level calculation
and the data that was not explained was the pressurizer pressure behavior
between 160 and 210 s. Two phenomena were identified that could have
caused the change to a slower depressurization rate in the data before the
RCPs were tripped: higher head HPSI pumps, and voiding in the reactor
vessel upper head. Calculations were performed that were identical to the
lower pressurizer level calculation except for the HPSI pumps and the
reactor vassel upper head temperature.

Figure 20 presents the pressurizer pressure from the data, the
pressurizer level calculation, and from a calculation in which the HPSI
began at a system pressure of 10.34 MPa (1500 psia) rather than 9.76 MPa
(1415 psia). The trend of the data prior to the RCP trip was matched very
well by the calculation. The depressurization rate slowed prior to the
pump trip as the HPSI flow helped compensate the coolant shrink. The
calculated behavior after the RCPs were tripped was similar to previous
calculations.

Figure 21 presents the pressurizer pressure from the data, the
pressurizer level calculation, and from a calculation in which the upper
head fluid temperature was increased tc 583 K (590°F). The calculated
depressurization stopped when the saturation pressure of the liquid in the
upper head was reached. The liquid flashed to steam, holding the pressure
fairly constant until the RCPs were tripped. A more gradual change in the
depressurization rate could have been achieved with a finer nodalization in
the reactor vessel upper head, allowing a temperature distribution that
would not have flashed large amounts of 1iquid at the same pressure.
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However, no informa*ion was available on temperatures in the upper head
region to indicate whether voiding in the reactor vessel could have
occurred during the transient or not.

From these two calculations, it was seen that using either higher head
HPSI pumps or a higher upper head temperature in the calculations could

account for the measured pressure behavior prior to the RCP trips.

3.2 Natural Circulation

Figure 22 shows the hot leg mass flow rate from the base and
pressurizer level calculations. The RCPs were tripped between 200 and
204 s, and natural circulation was fully established by 650 s, when the
pump head was negative. The flow coastdowns for the other calculations
were nearly identical. The mass flow rate in the base calculation was
about 5% higher than that in the pressurizer level calculation at 9 . s.
This flow difference was caused by the continued depressurization of the
steam generators during the transient in the base calculation, which kept
reducing the cold leg temperature. This caused a larger temperature
difference between the hot and cold legs, which provided a larger driving
force for the natural circulation flow.

The Tow flow rates existing during natural circulation were below the
range of the plant flow instrumentation, so the temperature measurements
were examined for flow indications.

Figure 23 presents the difference between the average hot and cold leg
temp ~atures (loop AT) from the base calculation, the pressurizer level
calculation, and the plant data. The loop AT decreased rapidly after the
reactor scram. The calculated AT stayed fairly constant from 50 s until
200 s, when the RCPs were tripped. The measured AT increased slowly
between 50 and 200 s. This increase may have been caused by a problem with
the hot leg temperature measurements since the AT should have been
constant. After the pumps were tripped, the increasing hot leg temperature
caused by the flow reduction caused the calculated AT to increase and the
mezsured AT to increase more rapidly. The loop AT decreased slightly
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before the pump trip in the base calculation because the closing of the
MSIVs near 185 s caused an increase in the cold leg temperatures. The loop
AT in the plant and the pressurizer level calculation decreased after the
MSIVs closed at about 245 s as the cold leg temperatures increased,
reflecting increases in the steam generator pressures and temperatures. As
the warmer cold leg liquid passed through the core and reached the hot leg,
the AT increased. The calculated AT in the pressurizer level case
decreased again near 340 s when the A steam generator pressure began to
increase. The calculated ATs were fairly steady by 650 s, when the flow
Coastdown was complete. The measured AT was fairly steady by about

700 s. The small drop in the loop AT in the pressurizer level

calculation near 800 s was caused by a reduction in the charging flow,
which increased the temperature 2t two of the cold leg measurement
locations.

Another indication of the presence of flow was the coupling of the
steam generator secondary temperature and the cold leg temperature.
Figure 24 shows these temperatures for the A loop in the pressurizer level
calculation. It can be seen that these temperatures were very close
together after the reactor scram, during both forced and natural
circulation flows. Figure 25 presents these temperatures from the measured
data. Again, there was good agreement between the two through nearly all
of the transient.

Although the coupling of the cold leg and steam generator temperatures
was a good indication of loop flow, it was not possible to determine the
presence of natural circulation using only these temperatures. The loop
AT did provide an indication of the transition to and presence of natural
circulation. The AT remained constant during forced circulation after
the reactor scram, increased during the flow coastdown following the RCP
trip, and remained constant during fully developed natural circulation.
Transients in the steam generator pressures interrupted these trends, but
only temporarily.
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4. CONCLUSIONS

Conclusions based on the analysis of the January 29, 1980 turbine trip

test at ANO-2 are presented below.

1.

There were no major actions taken during the transient that were
not reported in the transient descriptions.

The calculations were able to accurately reproduce the trends of
the data. It did appear however, that the EFW flow to steam
generator A was reduced by about 25% near 340 s. This action was
seen in changes in the measured steam generator pressure and
level.

Natural circulation was established in the plant and in all the
calculations.

Natural circulation was fully established in the calculations
400-450 s after the RCPs were tripped. Plant temperature
measurements indicated natural circulation was established at
about the -ame time. The transition from forced to natural
circulation was smooth.

The Toop temperature measurements could be used to identify the
presence of natural circulation.

The Toop temperature difference was steady during forced
circulation after the reactor scram, increased during the
transition to natural circulation, and remained steady during
fully developed natural circulation. These general trends can be
temporarily interrupted by changes in secondary system pressure.

The reported initial pressurizer level may have been too high.

The initial pressurizer level has to be reduced from 49 to 35% in
the calculations to reproduce the measured pressure response.
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A change in the RCS depressurization rate prior to the RCP trip
could have been caused by either the HPSI system or voiding in

the the reactor vessel upper head.

he calculations showed that either HPSI at a slightly higher
system pressure or higher temperatures in the upper head of the
reactor vessel could have caused the observed responses.
However, sufficient information was not available to further

LiTy the cause.
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