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In this paper we examine the consequences following the hypothetical failure of the
Residual Heat Removal (RHR) system during the shutdown operating mode in a
Pressurized Water Reactor (PWR). If the RHR system decay heat removal capability
cannot be ensured, then the decay heat released in the core will heat up the Reactor
Coolant System (RCS) inventory and will cause it to expand. If the thermal expansion is
such that the entire RCS becomes "water-solid", that is, completely filled with water, then
further expansion will result in a rapid increase of the RCS pressure. Such a situation could
threaten the integrity of the RCS pressure boundary and lead to a dangerous break in the
primary system or in the lines of the systems connected to it, eg RHR system.

The pressure increase can be arrested by the opening of the pressurizer relief valves
(PORVs) or, in those PWRs in which the RHR system is not isolated after it fails, by the
opening of the pressure relief valve in the RHR system line.

The purpose of the analyses presented in this paper is to determine whether mitigating
measures, such as the opening of only one of the PORV and the RHR relief valve, are
capable of preventing a fast pressure increase. A best estimate analysis of this scenario
has been performed using the system code RETRAN-3D for a typical two-loop
Westinghouse-type PWR. The analysis considered the shutdown mode of operation in
which the conditions are most severe from the point of view of decay heat and RCS
configuration. Two cases have been analyzed, namely a Base Case with the pressurizer
initially half full, and a more conservative case with the pressurizer initially full. In both
cases the system is initially highly subcooled (~74K) and at low pressure (~16 % of nominal
value)

The results of the Base Case show that there is a time window of at least 2.6 hours for
operator action before the RCS pressure could reach the RHR line maximum allowed
pressure limit (-28.5% of nominal pressure), and does not reach the RCS design limit of
16% higher than nominal pressure before the pressurizer PORV with a lowered opening
set-point for the shutdown mode of operation opens. According to the results of the case
with the pressurizer initially full, the flow through the open PORV or through the RHR relief
valve appears to be able to hold the increase in RCS pressure at or below the valves'
opening set-points. The pressure rise caused by the expansion of the RCS inventory is
thus kept within acceptable limits for at least 2.6 h. After this time, the average primary
circuit temperature reaches saturation and vapor production in the RCS increases the
pressure in the same way as observed in the Base Case, thus causing the PORV to remain
permanently open. With the loss of RCS inventory though the open PORV, core uncovery
and fuel damage would then become the main safety concern.



Introduction

In this paper we examine the consequences following the hypothetical failure of the
Residual Heat Removal (RHR) system during the shutdown operating mode in a
Pressurized Water Reactor (PWR). If the RHR system decay heat removal capability
cannot be replaced by any other system, then the energy released in the core will heat up
the inventory in the Reactor Coolant System (RCS), and will cause it to expand. If the
expansion is such that the entire RCS becomes "water-solid", that is, completely filled with
liquid water, then further expansion will result in a rapid increase of the RCS pressure.
Some authors [1] have pointed out that this situation could threaten the integrity of the RCS
pressure boundary and lead to a dangerous break in the primary system or in the lines of
the systems connected to it, eg RHR system. The pressure increase can be arrested by the
opening of the pressurizer relief valves (PORV) or, in those PWRs in which the RHR
system is not isolated after it fails, by the opening of the pressure relief valve in the RHR
system line. If the venting capacity of these valves is insufficient to stop a rapid pressure
increase, damage to the RCS (brittle cold fracture caused by pressure spike) or to the RHR
line (reaching its maximum design pressure) could occur.

The purpose of the analyses presented in this paper is to investigate the RCS pressure
response as the RCS inventory expands and to determine whether mitigating measures
such as the opening of the pressurizer PORVs or of the RHR relief valve are capable of
preventing a fast pressure increase. A best estimate analysis of this shutdown scenario
has been performed with the system code RETRAN-3D [2] and the results are presented
and discussed below.

Nomenclature
ANS : American Nuclear Society.
LOCA : Loss of Coolant Accident.
PORV : Power Operated Relief Valve.
PWR : Pressurized Water Reactor.

Recirculation Coolant Pump.
Reactor Cooling System.
Residual Heat Removal System.

RCP
RCS
RHR
SG : Steam Generator.

Initial Conditions

The severity of the thermal expansion scenario depends on the decay heat level and on
the RCS configuration (inventory, temperature, pressure, etc.) at the time of the RHR
system failure, since these determine the speed at which the RCS inventory expands and
the RCS pressure increases after the RCS becomes "water-solid". The shutdown mode of
operation is divided in a series of configurations characterized by the conditions of the RCS
and of the additional systems involved in the shutdown activities.

For the reference PWR used in this analysis, a two-loop 1130 MWth Westinghouse-type
PWR, the worst case scenario, according to previous shutdown risk analyses, occurs at the
beginning of the shutdown configuration at 22.4 h after shutdown, with a decay heat power
level of 0.675% nominal full power. The RCS is then highly subcooled (-74 K) and at low
pressure (-16 % of nominal operating pressure.) The RCS is full of liquid with the
pressurizer level reaching half its height. The RCS pressure is maintained by keeping the
fluid in the pressurizer at saturation conditions for the RCS system pressure with the help of
the pressurizer heaters (switched off once the scenario begins.) A small flow is maintained
in the RCS by running one of the RCPs in order to provide flow to the RHR for removal of
the decay heat. This pump is tripped after the RHR fails (the initiator event of the scenario.)

The secondary sides of the steam generators are isolated and at saturation in thermal
equilibrium with the primary side. They are assumed to remain isolated during the scenario,
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so that their role as a sink of decay heat is not enhanced by the steam venting to the
condenser. The secondary side inventory in this configuration contains -34% of the total
system mass (primary and secondary.) The heating of this mass of water is done through
heat transfer across the U-tubes.

In the reference PWR there are three PORVs, but only one of them has its opening set-
point reduced during the shutdown mode of operation to provide overpressure protection at
the low shutdown pressures. For this reason, only the PORV with the lowered opening set-
point was assumed to be activated during the scenario, although the other two PORVs can
be opened by the operator at any moment. The venting mass flow rate of the open PORV
and of the RHR relief valve have been assumed to be the minimum under the critical flow
conditions present during the scenario as given by the valves' manufacturers specifications.
In reality, the increase of RCS pressure and the change of thermodynamic conditions
should determine the actual critical flow through the valves. In order to provide a bonding
estimate of the RCS pressure behavior and conclusions, it was decided to adopt the
minimum flow values for the entire transient.

Description of the RETRAN-3D Model

Data from a two-loop 1130 MWth Westinghouse-type reference PWR was used to develop
the RETRAN-3D input model. The detailed system model includes the pressure vessel and
its internals, the pressurizer and surge line, the steam generators with the secondary sides,
the pumps, and the cold and hot leg lines. The metal masses in the primary system, vessel,
core and steam generators were also taken into account, in order to include the energy
stored in them. The pressurizer is connected to Loop A and the RHR system injection point
is attached to the cold leg of Loop B. The initial water inventory and thermodynamic
conditions in the secondary sides are adjusted according to the initial conditions expected
at the beginning of the scenario. A power vs. time table simulates the decay heat power
during the scenario based on a decay heat formula for the reference PWR plant end-of-
equilibrium-cycle conditions. This formula yields a higher decay heat level (-25%) than the
standard ANS-79 [3].

Table I. Thermal Expansion Scenario. Initial System Normalized Parameters

Main System Parameters

Initial Decay Heat Power Level

RCS Avg. Hot Leg Subcooling

RCS Normalized Pressure*

Secondary Side Norm .Pressure*

Total RCS Normalized Mass**

Total Secondary Side Mass {2SGs)

Total System Mass (RCS+2SGs)**

RETRAN-3D

0.675% nominal

73.4 K

1.0

0.832

0.993

1.026

1.004

Reference PWR

0.675% nominal

74.0 K

1.0 (16.12% nominal)

1.0 (8.5% nominal)

1.0 (nominal 1A przr.r)

1.0

1.0

* Normalization pressure is initial pressure at beginning of scenario
** Normalized values is mass at the beginning of scenario

The main initial steady-state parameters are displayed in Table I. The pressures have been
normalized to the pressure at the beginning of the scenario, and the masses to the initial
inventories to permit a better comparison between the calculations and the reference
values. The calculated primary side conditions are very close to the reference plant's
conditions at the beginning of the thermal expansion scenario.

The water masses, which are important to determine the progression of the accident, since
they act as decay heat sinks and expand, are also quite similar. The largest difference is
about 2.6% for the secondary sides, while the total system masses differ by less than



0.4%. The difference in the secondary side pressures corresponds to about 7 K difference
in saturation temperature. This was necessary, because RETRAN-3D had difficulties in
achieving a steady-state solution with both sides, primary and secondary, in thermal
equilibrium.

Decay Heat

As indicated above the decay heat level is important to correctly analyze the system
response during the thermal expansion scenario. The decay heat model used in the
calculations is based on a Way-Wigner type of decay heat curve (Eq. (1)). This formula has
shown a good agreement with power measurements for the burn-up and fuel load of the
reference PWR Plant in a comparison spanning 80 days from shutdown.

Power(t) = Power{tshutdown) 0.00661/"0321 (tindays) (1)

A comparison of the results of this formula with the standard ANS-79 proposed by the
American Nuclear Society to evaluate post-shutdown reactor power level was carried out.
The standard is especially important during LOCA calculations since it is used as the basis
for core power level prediction after SCRAM. In the case of shutdown accident scenarios,
this standard has not been proposed as a basis for calculations, however, but its wide
acceptance within the nuclear community makes it a good candidate as a benchmark for
the conservatism of the formula used in the calculations.

The results of this comparison, displayed in Figure 1, show that the decay heat power given
by the formula provides a conservative approach if compared with the ANS-79 Decay Heat
Standard. The ANS-79 +2a curve was also plotted as an upper bound that includes the
uncertainty in the ANS-79 standard values and methodology. The simplified method
described in Section 3.6 of [3] was used as a basis for the calculation of both curves.

0.0 0.5 0.8 1.0 1.3 1.5

time after Shutdown (days)

1.8

Figure 1. Comparison of the Decay Heat curves for the first 2 days after shutdown

In summary, based on the analysis above, the time windows obtained in the calculations
shown below are shorter than if the ANS-79 decay heat standard had been used, since the
power input to the RCS, which determines its rate of expansion is also larger.

Base Case
The base case started from the steady-state conditions presented in Table I. A system of
trip signals in the RETRAN-3D model isolated the steam generators, tripped the pumps and
controlled the opening and closing of the PORV valve. The characteristics of this valve are
an opening set-point for an overpressure of 0.57 MPa above the RCS pressure at the
beginning of the scenario, with a delay of 3.45 s (0.75 s dead time + 2.7 s activation), and a
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reseating set-point for an overpressure of 0.1 MPa, with the same delay. The minimum
mass flow rate for the conditions expected during the scenario, selected as a conservative
assumption (from manufacturer's data), is 5.39x10-4 s"1, normalized to total initial RCS
inventory. That is, it would take about 0.5 h to empty the entire RCS if this valve would
remain continuously open and venting at this rate. The only flow in the RCS was caused by
natural circulation.

Figure 2 to Figure 6 show the main results of the analysis. After the RHR system failure,
the decay heat caused the fluid to expand, steadily rising the pressurizer level. The RCS
pressure, initially at 16.12% of nominal operating pressure, started to fall, reaching a
minimum value 0.6 MPa lower than the initial pressure at about 1.75h. The injection of
substantially subcooled (73.4 K) RCS inventory into the pressurizer (initially at saturation in
order to maintain system pressure) decreased its temperature, and the steam (initially
saturated) cooled down and condensed. The RCS pressure was thus reduced in a similar
process to the pressurizer pressure control by a spray of cold condensate, but much
slower. Figure 5 shows how the temperature of the fluid in the pressurizer steadily
decreased as the highly subcooled condensate filled the pressurizer, mixing with the
saturated fluid and cooling it (the heaters were switched off at the beginning of the
scenario.)

Design Limtt for RHR Lines (1.S MPa Overpressure)

PORV Opening Set-Point (0.57 MPa Overpressure)

Pressurizer cools down

Pressunzer Full
(1.89 h)

RCS Vapor
recondenses

Boiling appears in >
some RCS regions

Pressurizer Pressure
Loop AAvg. Subcooling
Loop B Avq. Subcoolinq

0.0 0.0
0.00 0.50 1.00 1.50

time (h)
2.00 2.50 3.00

Figure 2. Base Case. Pressurizer Pressure and Average Subcooling for Loops A and B

It is important to note that the decrease in system pressure predicted by RETRAN-3D may
have been influenced by the fact that this code, like other one-dimensional thermal-
hydraulic system analysis codes, tends to diffuse energy from one computational cell to
another by reason of the numerical methods used, and it is difficult to simulate stratified
temperature fields. Thus, in the calculation, the cold water entering the pressurizer was
mixed with the saturated fluid in the pressurizer and cooled it. In the actual scenario, a
stratification of cold and hot liquid layers may form separated by a turbulent thermal mixing
layer. In such a case, the cooling of the saturated fluid in the pressurizer may not be as
active as the one predicted by RETRAN-3D, and as a result the RCS pressure may not
decrease in the actual scenario as much as predicted.

At about 1.75 h, the pressurizer water level almost reached the top, and the compression of
the steam bubble started a RCS pressure increase. The continuing expansion of the RCS
inventory eventually collapsed the steam bubble and the pressurizer became full of liquid at
-1.9 h (see Figure 4). After the level reached the top, it remained at its maximum value
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(9.62 m) for the remaining of the scenario. An additional calculation with a more refined
nodding scheme of the top of the pressurizer did not change this behavior.

By this time also, void appeared in some locations of the RCS, eg the upper plenum, (see
Figure 3) as the fluid reached saturation conditions. The pressure increase was thus
'cushioned' by the appearance of compressible vapor in the system. However, the
increasing liquid expansion ultimately collapsed the void and turned the RCS into a 'water-
solid system' at about 2.15 h. The RCS inventory continuing expansion of a "water-solid"
system caused its pressure to rapidly reach the PORV opening set-point at about 2.2 h.

1.1

0.0
0.00 0.50 1.00 1.50

time (h)
2.00 2.50 3.00

Figure 3. Base Case. Upper Plenum Subcooling and Void Fraction

Pressurizer Full at 1.82 h

PORV Opening Set-Point
(0.57 MPa Overpressure)

0.0

t
PORV

Permanently Open

Normalized Pressure (to initial pressure)

Pressurizer Water Level

11.0

10.0

9.0

8.0

7.0 -g-

}6.0 1

,•1
to

4.0 ^

3.0

2.0

1.0

0.0
0.00 0.50 1.00 1.50

time (h)
2.00 2.50 3.00

Figure 4. Pressurizer Water Level and Normalized Pressure

A period of oscillatory pressure followed as the PORV opened and closed, thus keeping the
RCS pressure below the PORV opening set-point up to about 2.6 h. Following this, a
steady rise in RCS pressure is observed in Figure 3. The explanation for the pressure rise
above the PORV set-point can be found by studying Figure 3. After 2.6 h, the RCS
temperature in many locations reached the saturation value. This, and the loss of inventory
through the opened PORV resulted in significant boiling and vapor formation in the RCS.
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Figure 3 clearly shows the large increase in the upper plenum void fraction. This significant
vapor formation in the RCS contributed to the RCS pressure increase above the PORV
opening set-point even though the PORV was fully open by this time. The appearance of
significant amounts of vapor with a much larger specific volume than the liquid contributed,
together with the ongoing thermal expansion, to off-set the loss of inventory volume (liquid)
through the PORV, and the RCS pressure started to increase steadily. This resembles the
phenomenon observed during the "pressure plateau" phase of Small Break LOCAs, when
rapid RCS voiding stabilizes the RCS pressure until the break becomes uncovered and the
vapor is vented through the break.
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Figure 5. Normalized Pressurizer Pressure and Temperature Difference

A hand calculation assuming that all the decay heat goes into vapor production (the entire
RCS at saturation conditions) produced a rate of RCS volume increase about 5 times that
of the rate of inventory volume loss through the PORV. The RETRAN-3D calculation
showed that the RCS pressure increase above the PORV opening set-point occurred
before the entire RCS reached saturation. This can be explained by the fact that between
the time when the first regions of the RCS reached saturation (-1.75 h) and the time when
the entire RCS did (>2.6 h), the amount of liquid turning into vapor increased progressively,
and at one point the increase of RCS volume due to vapor production overtook the loss of
volume through the PORV venting, thus causing the RCS pressure to rise steadily and
cross the PORV opening set-point. Thus, the best estimate calculation, as a consequence
of the ability to simulate the temperature distribution in the RCS, was able to capture this
phenomenon and yielded a more realistic, and shorter, time window than otherwise would
have been computed by assuming that the temperature was the same throughout the RCS.

The rate of pressure increase was of the same order as that observed during the first
voiding of the RCS mentioned above. The loss of RCS inventory through the now
constantly open PORV and the compressibility of the vapor being generated, contributed to
determine a rate of RCS pressure increase that seems to prevent the RCS pressure from
reaching the maximum pressure allowed for the RHR system (1.9 MPa overpressure above
the RCS pressure at the beginning of the scenario) for at least 3.0 h. Thus, this analysis
gives a time window of at least 2.6 h for operator action to restore some form of decay heat
removal before the integrity of the RHR is challenged. Further extension of the calculation
was hindered by code convergence problems for highly voided, low pressure and power
conditions.
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Figure 6 shows the temperature difference between the secondary side and the average
temperature of Loop A (with the pressurizer). It shows the role of the secondary sides as
heat sinks that absorb part of the decay heat released in the core but, since they remain
isolated, they are not effective enough in this removal to prevent the RCS inventory from
expanding to the point when it becomes "water-solid". The opening of the steam valves
would increase the heat exchange and would most likely reduce the rate of thermal
expansion of the RCS inventory, thus contributing to a less severe pressure increase. This
could prove a mechanism for the operators to overcome the loss of the RHR. The opening
of the steam valves should then be controlled in such a manner that excessive cooling of
the core would be prevented.
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Figure 6. Primary to Secondary Side Temperature Difference (Loop A)

RCS Initially Full

Two additional thermal expansion scenarios have been also analyzed. They start with the
failure of the RHR system 22.4 h after shutdown with the pressurizer completely full. The
pressure starts a rapid increase a short time after the RHR system fails.

Pressure Relief through the PORV

When the thermal expansion scenario started with the RCS "water-solid", the RCS pressure
rose very rapidly up to the PORV opening set-point, and a cyclic opening and closing of
this valve followed.

It has been assumed that this valve can cycle for as long as needed between open and
closed states. This is not probably physical, since it is known that after a series of cycles
these valves tend to remain permanently open. However, if this were the case, the venting
of RCS inventory through the open PORV valve would reduce the RCS pressure
substantially and would result in a less severe transient from the point of view of possible
RCS overpressure.

When the PORV opened, the RCS inventory, was still highly subcooled (-73 K), so that no
void formation occurred. The loss of inventory through the PORV valve appears to be
sufficient to compensate for the thermal expansion of the RCS inventory volume, which
pushed coolant inside the pressurizer.
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A hand calculation of the rate of expansion of the RCS water that took into account all the
RCS and secondary sides water and metal masses yielded a value which was about 80
times lower than the volumetric flow rate (in m3/s) through the PORV. Thus, a short opening
time significantly reduced the RCS pressure as shown in Figure 7. The RCS pressure
remained, therefore, below the PORV opening set-point while the temperature in the RCS
remained below the saturation temperature (see Hot Leg A subcooling in Figure 7).

As the fluid in many regions of the RCS (eg upper plenum, core, hot legs) reached
saturation conditions, vapor formation became significant in the RCS and the pressure
initiated a steady increase that the opening of the PORV did not seem to be able to hold
below the opening set-point, similar to what was observed in the Base Case. The fact that
this phenomenon appeared at roughly the same time in both cases (-2.6 h) suggests that
the loss of energy though the PORV flow is much smaller when compared to the decay
heat released to the RCS, and this time window depends mainly on the initial RCS
subcooling and on the ratio of decay heat vs. total system mass for a given system.

Thus, the opening of only one pressurizer PORV appears to be able to hold the increase in
RCS pressure below the PORV opening set-point even when the RCS starts the thermal
expansion scenario completely full. The pressure rise caused by the expansion of the RCS
inventory is thus kept within acceptable limits for at least 2.6 h. After this time, substantial
vapor production in the RCS, together with the thermal expansion, rise the RCS pressure in
the same way that in the Base Case discussed earlier.

Pressure Relief through the RHR Relief Valve

The second case with the RCS initially full assumed that the PORV failed to open. Under
such conditions, only the RHR relief valve was available to limit the pressure increase in the
RCS. This scenario is not possible for those PWR plants which have as an operating
procedure in case of RHR failure the isolation of this system.

The minimum mass flow rate assumed (from manufacturer's data) for the RHR relief valve
under the scenario conditions is 9.22x10-5 s"1 (normalized to initial RCS mass; it would
empty the RCS in ~3 h). The valve opening and closing set-points are 1.1 MPa and 1 MPa
of overpressure respectively above the pressure at the beginning of the scenario.

During the thermal expansion, the RCS pressure followed a similar behavior as that
observed for the case of the opening of the PORV valve. The thermal expansion of the
RCS liquid increased the RCS pressure rapidly until it reached the RHR relief valve
opening set-point at about 0.08 h. From then on, the cycling opening and closing of the
valve maintained the RCS pressure below the RHR valve opening-set point (the same
comments about the cycling opening and closing of the PORV mentioned earlier apply to
this valve). The RHR valve provided a volumetric flow rate (m3/s) approximately 10 times
larger than the rate of RCS volume thermal expansion mentioned above.

At about 2.75 h, the RCS systems started to void because the temperature in many
locations reached the saturation value, and the RCS pressure started to rise above the
opening set-point, similar to the two cases studied earlier. During this time, the maximum
allowed pressure for the RHR lines was never reached. In summary, the RHR relief valve
venting capacity appears to be enough to prevent the RCS pressure from reaching the
RHR maximum allowed pressure for at least 2.75h. The difference in time with respect to
the two previous cases discussed above is caused by the higher system pressure, which
implies a higher saturation temperature.
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Figure 7. RCS Initially Full. RCS Normalized Pressure and Subcooling in Hot Leg A

Finally, Figure 8 shows the initial seconds of the scenario for both cases with the RCS
initially full. According to the figure, the rate of pressure increase after the system became
'water-solid' was about 0.11 bar/s. The PORV and RHR valves have a response time of
about 3.5 s until fully open (typical values from manufacture's data). This gives a large time
margin to avoid a very rapid pressure increase, similar to a pressure spike, even with the
RCS initially full. Moreover, the increase of RCS pressure is linear, as can be expected
from a thermal expansion process with a constant source of power.
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Figure 8. RCS Initially Full. RCS Normalized Pressure for initial seconds

According to the linear pressurization rate in Figure 8, if no relief valve opened, it would
take about 1410 s to reach the RCS design limit (1.16 times nominal pressure), but only
about 170 seconds to reach the maximum pressure allowed for the RHR lines (1.9 MPa
overpressure). However, if at least one of the PORV valves in the pressurizer opens, or the
RHR relief valve (if this system is not isolated), the pressure can be kept within the limits,
because the response time of these valves is much faster than the rate of pressure
increase.



Conclusions

The main conclusion from the analyses presented in this paper is that the danger of a large
pressure spike at the beginning of the thermal expansion shutdown scenario that could
threaten the integrity of a cold RCS or of the RHR lines (if the RHR system is not isolated)
seems to be unlikely. The results obtained with the RCS completely full or with the
pressurizer half empty showed that the pressure gradients due to the thermal expansion of
the RCS inventory are much slower than the opening speed of both the pressurizer PORV
and RHR relief valve. These valves can, venting at a minimum mass flow rate for the
conditions of the scenario, maintain the RCS pressure below their opening set-points while
the RCS remains subcooled.

For the normalized (with respect to the total RCS mass) valve mass flow rates given, the
normalized decay heat level (to full power) and the pressure safety limits for the RCS and
RHR lines (in terms of overpressure above the pressure at the beginning of the scenario),
the valves' venting capacities provide a lower bound for the time window for operator action
to restore decay heat removal capability of at least 2.6 h. After this time, some locations of
the RCS reach saturation conditions and active vapor formation occurs. Then, the
expansion of the steam being produced, together with the ongoing thermal expansion,
causes the RCS pressure to increase above the valves' opening set-point in all cases
studied. This indicates that the minimum venting capacity of the valves may not be
sufficient to prevent the RCS pressure from increasing further unless additional pressure
relieving measures are taken by the operator. Nevertheless, with the loss of RCS inventory
though the permanently open relief valves (PORV or RHR's) and active vapor formation in
many locations of the RCS (especially in core and upper plenum), core uncovery and fuel
damage could become the main safety concern in such an scenario if the loss of RCS
inventory became substantial.

An interesting conclusion can also be drawn from both studies. In both cases, the RCS
pressure can be kept below the pressure safety limits when just one pressurizer PORV or
the RHR relief valve are activated. Regardless of the state of the RCS at the beginning of
the transient, full or with the pressurizer at half level, the time window for operator action to
restore decay heat removal capability before the RCS pressure increases above the valves'
opening set-points depends on the initial subcooling of the RCS; the higher the subcooling,
the longer the time window, since the relief valves can maintain the RCS pressure below
the safety limits while it remains subcooled. A significant conclusion, therefore, appears to
be that operator action to restore decay heat removal capability in order to reduce RCS
pressure becomes even more important once active boiling appears in the RCS. After this
happens, if the operators tried to reduce the RCS pressure increase by venting more RCS
inventory through the opening of additional relief valves (the two additional pressurizer
PORVs or both the PORV and the RHR relief valve at the same time), then an excessive
voiding of the core could result. Thus, restoring decay heat removal capability without
further loss of RCS inventory may be the best option to consider in order to maintain RCS
pressure below safety limits after the RCS subcooling has disappeared and active vapor
formation occurs in the RCS. Further studies are required to clarify these aspects.

Finally, it is also worth noting that the analysis of this scenario with a Best-estimate System
code like RETRAN-3D permitted the simulation of the temperature distribution within the
RCS. This was specially important to predict the locations of active boiling and its effect on
the RCS pressure after some of the RCS regions reached saturation conditions and before
the entire inventory did. The time windows would have been longer if the assumption of
perfect mixing (uniform temperature) of the RCS had been used instead, since it would
have taken a longer time to heat up the entire RCS inventory up to saturation temperature,
before void formation started to raise RCS pressure above the relief valves' opening set-
points.
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