
FR9603885

PAPER for NURETH 7

G.M GAUTIER
DRN/DER/SIS

Commissariat a I'Energie Atomique
Centre d'Etudes de Cadarache
13108 Saint-Paul-Lez-Durance

FRANCE

Assessment of the Advantages of a Residual Heat Removal System
Inside the Reactor Pressure Vessel



ABSTRACT

In the framework of research on diversified means for removing the residual heat from
pressurized water reactors, the CEA is studying a passive system called RRP
(Refroidissement du Reacteur au Primaire, or primary circuit cooling system), which
includes integrated heat-exchangers and a layout of the internal structures so as to obtain
convection from the primary circuit inside the vessel, whatever the state of the loops. This
system is operational for all primary circuit temperatures and pressures, as well as for a
wide range of conditions: it is independent of the state of the loops, even if the volume of
water in the primary circuit is small, it is compatible with either a passive or an active
operation mode, and compatible with any other decay heat removal systems. An evaluation
is presented here of the performance of the RRP system in the event of a small primary
circuit break in a totally passive operation mode without the intervention of another system.
The results of this evaluation show the interest of such a system: a clear increase of the
time-delay for the implementation of a low pressure safety injection system, no need for the
use of a high pressure safety injection system.

1. INTRODUCTION

For some years now, the Safety Authorities have recommended the implementation of
passive systems to increase the safety of nuclear reactors, especially as regards residual
heat removal [1]. Investogatory studies performed at the CEA/DRN have focused on finding
new systems for the removal of the residual heat from pressurized water reactors. Among
these, the principle of a steam injector, a steam condensation system on the secondary
side, as well as a system capable of removing the residual heat by means of exchangers
integrated into the vessel have been examined. The latter comprises a heat sink placed as
near as possible to the core, and its objective is to remove residual heat under any normal
or accidental operating conditions. It has been called the RRP (Refroidissement du
Rdacteur au Primaire) or primary circuit cooling system.

2. MOTIVATIONS

In standard pressurized water reactors, the residual heat is removed in a first stage by the
steam generators when the reactor is hot and under pressure (over = 180°C and 3 MPa),
then by another system for low temperature conditions. This second system is generally a
loop connected to the primary circuit which has to be conditioned before being put into
operation. This residual heat removal principle has certain weak points: the cold source is
located far from the core, the operational field of the two systems covers a small overlap
range, the active systems placed inside the containment are difficult to access in the case
of failure... . In view of these weak points, a diversified system, compatible with both
passive and active operation modes, was sought for.

3. DESCRIPTION OF THE RRP SYSTEM

The principle of the RRP system [2] consists in introducing a heat sink into the vessel as
close as possible to the core, thus creating a removal route for the heat that is entirely
independent of the state of the reactor loops. This heat sink is made up of several heat
exchangers integrated into the vessel and placed above the core so that convection occurs
inside the vessel between the core and these heat exchangers (Figure 1). The heat
exchangers are contained in an annular space between two shells so as to channel the flow



of primary circuit water along the tube bundle. This annular space comprises two series of
openings, one in the upper part corresponding to the inlet of the primary coolant, the other
in the lower part corresponding to the outlet of the primary coolant. This second series of
openings allows the primary coolant to join the greater part of the primary circuit water from
the loops. So that the flow along the integrated heat exchangers is always directed
downwards, a pump-type suction system is placed at the level of the outlet openings. This
system creates a local underpressure such that the pressure at the outlet opening is slightly
lower than the core outlet pressure. This is achieved by narrowing the section of the
passage into the down-comer, inducing an increase of the coolant velocity. Thus, when the
reactor is in normal operating conditions, that is to say with the primary pumps in operation,
a small part of the primary flow by-passes the loops through the integrated heat
exchangers. When the primary pumps are not in operation, for instance in the event of a
loss of power, natural convection sets up inside the vessel between the core and the
integrated heat exchangers. The upper openings are placed slightly under the lower level of
the inlet and outlet nozzles of the primary loop, so as to allow natural convection in the
vessel, even if the primary loops are completely dewatered.

The heat removed by the integrated heat exchangers is transferred to a final cold source by
an intermediate solid circuit outside the vessel, designed to allow totally passive operation
(according to the recommendations of the safety authorities). This is achieved by a circuit
able to function in natural convection and comprising a water-air heat exchanger as a cold
source. This heat exchanger is surmounted by a cooling tower to favour natural air
convection (Cf. Figure 2). Active-passive compatibility is achieved by possible operation in
forced or natural convection in the intermediate circuit and on the cooling tower.

The RRP system is composed of several independent trains. Each train comprises an
integrated heat exchanger, an intermediate circuit, and a cooling tower. The RRP system is
put into service by simply opening the air valves at the foot of the cooling towers. In order to
facilitate the procedure, this action is ensured systematically in the event of a reactor scram.

3. MAIN CHARACTERISTICS OF THE RRP SYSTEM

When the primary circuit is intact, the objective aimed at by the RRP system is the removal
of the residual heat in a totally passive manner, with no other intervention except for the
opening of the air valves. The only available cold source in addition to the RRP system is
the thermal inertia constituted by the evaporation of the secondary water contained in the
steam generators. The envelope situation considered corresponds to a generalized loss of
power for which an unavailable RRP train and an unavailable steam generator thermal
inertia are considered as aggravating factors. The power of the RRP system in totally
passive operation is thus equal to the residual heat when the steam generators have just
been emptied of their water by evaporation through the pressure relief valves.

The objective above corresponds to operating conditions with unavailabilities. In normal
operating conditions, that is to say with forced convection in the intermediate circuit and in
the cooling towers, the heat removal capacity of the RRP system is significantly improved.
This forced convection is required to take the reactor to cold shut-down in a lapse of time
compatible with the usual reactor operation constraints.

For a 900 MWe PWR with three loops, like those used by Electricite de France [3], the RRP
system would be constituted of three independent trains. The main characteristics of the
integrated heat exchangers are supplied in Table 1.



Figure 1
Diagram of the Principle of Coolant Circulation in the Vessel.



Figure 2
Diagram of the Principle of the RRP System

with the Intermediate Circuit and Cooling Tower



Geometric Characteristics:

Number of integrated heat exchangers

External diameter of the tubes

Thickness of the tubes

Bundle spacing

Type of array

Length of tubes

Number of tubes per heat exchanger

Exchange surface area

Operating Characteristics (intact primary circuit):

Operating mode

Number of RRP trains in service

Extracted heat

Primary circuit inlet temperature

Primary circuit outlet temperature

RRP intermediate inlet temperature

RRP intermediate outlet temperature

Core primary circuit flow rate (natural convection)

Intermediate circuit flow rate

Characteristics of the Primary Vessel

Increase in diameter

Extension of the vessel body

19.05 mm

1.09 mm

28.5 mm

triangular

3m

1050

190 m 2

passive

2/3

28

270.9

251.6

231.6

186.8

292

69

active

3/3

80 MW

300.3 °C

264.2 °C

231.8 °C

212.6 °C

428 kg/s

300 kg/s

= 0.6m

= 3m

TABLE 1: Main Characteristics of the RRP SYSTEM



5. POTENTIAL ADVANTAGES OF THE RRP SYSTEM

The RRP system with its in-vessel heat exchangers -as near as possible to the heat source-
aims to simplify residual heat removal to the utmost: the primary circuit is reduced to a
simple hydraulic loop under natural convection, the intermediate circuit allows operation
under natural convection and, upstream, it is once again natural convection that ensures
release to the ultimate cold source by means of a cooling tower. This simplified design
presents a certain number of advantages as regards safety:

Single failure is taken into account thanks to several independent trains;
Diversification of the residual heat removal routes: possibility of simultaneous
operation of the RRP and the SG;
Extension of the operating range (under all pressures and temperatures);
Compatibility with active or passive operation;
Permanent operation with forced convection in the intermediate circuit and closed air
valves: elimination of the conditioning phase and possibility of testing the RRP system
with the reactor in operation;
Limitation of the number of components:
-Start-up by opening of the air valves situated outside the containment
-Pumps and fans, for active operation, also situated outside the containment;
Reduction of circuit sections carrying the primary coolant;
Positioning the heat exchangers as close as possible to the core can only improve the
efficiency of the system;
Simplification of the procedures related to the removal of the residual heat resulting in
a reduction of the probability of operator error;
Limitless autonomy of the cold source;
Small quantity of primary circuit water required to ensure efficiency.

6. ASSESSMENT OF RRP BEHAVIOUR IN ACCIDENTAL CONDITIONS

The RRP system has a great many potential advantages, notably that of being operational
with only a small amount of primary circuit water, particularly in an accidental situation such
as a break in the primary circuit. Such a situation always requires an injection of water in
the primary circuit; the RRP system, however, should improve the management of these
situations because of the presence of a heat sink situated in the vessel. In order to evaluate
this improvement, modelling of the RRP system was performed by means of the CATHARE
computer code [4].

The calculations were made on a 900 MWe PWR model, comprising the integrated heat
exchangers and the suction system (Cf. Figure 3). The RRP system was evaluated in
onerous situations, taking into consideration no active intervention during the progress of
the transient, that is to say no auxiliary feedwater supply of the steam generators, no safety
injection (except safety injection by the accumulators which are passive elements) and no
other cold source. All the RRP trains are operational. The intermediate circuit was
modelled by a loop operating in natural convection. The heat removed at the cold source
was simulated by boundary conditions by means of a law representing the operation of the
cooling towers in natural convection with an air supply at a temperature of 35°C.

W = 51 000. (6-35)1 - 2 7

where W is the total residual heat removed in the cooling towers (in watts),
6 is the temperature of the hot leg of the intermediate circuit (in °C).



At the present stage of the assessment, the study of the accidental transient conditions
focused on the management of 5 and 10 cm primary circuit breaks in the cold leg. These
transient conditions were retained because of the risk of core melting that could result from
poor management. For small breaks, if there is no efficient intervention at high pressure,
the primary circuit empties while remaining under high pressure, thus precluding any low
pressure injection.

For each accidental transient, the assessment is made by comparing the results of two
series of calculations, one considering no cold source (zero removal by the RRP), the other
considering the RRP in operation.

6.1. A 5 cm-Break in the Cold Leg

RRP out of order (Figure 4)

In this accident, there is rapid depressurization to a plateau of 7.5 MPa (Figure 4a), which
corresponds to the set pressure of the secondary side. This plateau is due to the two-phase
equilibrium of the primary circuit, where the temperature is imposed by the secondary side
temperature via the steam generators.

The residual heat is removed by two routes, one of these is the break itself, the other is the
set of steam generators. The transient progresses in three stages.

1. Pressure Plateau - Flooded Break (2 200 s)

During this stage, the steam generators remove about 80 % of the residual heat and the
remainder is removed at the break (Figure 4b). During this period, the flow at the break is
essentially in liquid form. The vapour flow rate, and consequently, the enthalpic flow rate
are low. The water mass of the primary circuit decreases by = 55 kg/s (Figure 4c), until
dewatering of the break.

2. Pressure Plateau - Break in vapour phase (2 200 to 3 500 s)

When the break is dewatered, the break flow rate decreases, and stabilizes around a value
of slightly less than 20 kg/s. It is mainly formed of vapour which allows about 80 % of the
residual heat to be removed at the break (Figure 4b). The steam generators remove the
remainder while maintaining the primary circuit pressure at the same level as that of the first
stage. This pressure does not allow a safety injection by the accumulators set at a pressure
of 4 MPa (Figure 4f).

3. Core Temperature Rise

Around 3 500 s, the mass of primary circuit water lost is such that the core begins to
uncover. The fuel rods are increasingly poorly cooled. The cladding temperature rises
rapidly at a rate of close to 1°C/s (Figure 4e). At this moment, the water mass in the
primary circuit is 60 000 kg (Figure 4d) and continues to drop with a total flow rate at the
break identical to that of the second stage. The primary circuit pressure is still the pressure
imposed by the set pressure of the steam generators. It only begins to drop after 4 000 s,
when the cladding temperature reaches high values.



Figure 3
Diagram of the Primary Circuit and of the RRP for the CATHARE Modelling
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RRP system In Service (Figure 5)

The progress of this transient with the RRP system in operation can also be divided into
three stages, although these are characterized by different phenomena.

1. Pressure Plateau - Flooded Break (= 2 000 s)

As in the previous case, the beginning of the accident is characterized by a rapid drop of
the primary circuit pressure to 7.5 MPa, a pressure imposed by the set pressure of the
secondary relief valves (Figure 5a). At the beginning of this stage, a large part of the
residual heat is removed by the steam generators, then by the RRP system which takes
over at around 700 s (the time lapse for the power build-up of the RRP system), with a
power of 40 MW (Figure 5b). As in the previous case, this stage is characterized by a flow
at the break that is essentially liquid in form, with a flow rate of nearly 55 kg/s (Figure 5c).
The vapour flow rate at the break being low, the residual heat removed at the break is also
low. The end of this stage is characterized by dewatering of the break. At this moment, the
heat removed by the RRP system is practically equal to the residual heat, so that the steam
generators no longer remove any heat. The secondary relief valves close. The primary
circuit temperature and the primary circuit pressure are no longer linked to the secondary
side and begin to drop. During this stage, natural convection inside the vessel between the
core and RRP system heat exchangers has set in, to the advantage of the natural
convection in the loops.

2. Depressurization - Break in vapour phase (from 2 000 to 3 500 s)

At the beginning of this period, the break is mainly supplied by the vapour with a flow rate of
= 17 kg/s (Figure 5c). The primary circuit pressure slowly decreases, as does the cladding
temperature (Figure 5e) which follows the saturation temperature. The RRP system
removes about 80 % of the residual heat, the remainder being extracted by evaporation of
the primary circuit water at the break. At 3 500 s the mass of water in the vessel is
65 000 kg (Figure 5d), and the pressure reaches the threshold of the injection pressure of
the accumulators, that is to say 4 MPa.

3. Safety Injection by the Accumulators

The injection flow rate is low in view of the fact that there is little pressure difference
between the primary circuit and the accumulators (Figure 5f). It stabilizes at around 10kg/s
for the three accumulators together. This flow rate compensates for the leakage of primary
circuit water, which removes a small part of the residual heat through the break, so that the
mass of primary circuit water remains constant. The primary circuit pressure continues to
decrease slowly; it reaches about 1.6 MPa at 6 000 s after the beginning of the transient.
Although the accumulators are not empty, the primary circuit pressure is low enough to
allow the start-up of the low-pressure safety injection system.
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6.2. A 10 cm Break in the Cold Leg

RRP Out of Service

As in the 5 cm break, the transient progresses in three stages, but with more rapid kinetics.

1. Pressure Plateau - Flooded Break (== 600 s)

During this stage, the primary circuit pressure decreases very rapidly and stabilizes at about
7.5 MPa (Figure 6a), a value set by the set pressure of the steam generator valves. The
flow rate at the break is high = 220 kg/s (Figure 6c); it is mainly single-phase. After 600 s,
the mass of water remaining in the primary circuit is close to 80 000 kg (Figure 6d). During
this period, the heat removed by the steam generators represents about 80 % of the
residual heat.

2. Depressurization - Break in vapour phase (from ~ 600 to ~ 1 050 s)

After dewatering of the break, the flow rate is still high; this implies a decrease of the
primary circuit pressure and thence, a slight drop in temperature of the coolant and the fuel
cladding (Figure 6e). The steam generator no longer removes any heat, because some of
the secondary water is slightly hotter than the primary circuit water (Figure 6b). All the
residual heat is removed through the break. The total flow rate at the break is still high (=
50 kg/s) and contributes to decreasing the mass of water remaining in the vessel. After
1 000 s, the upper plenum is empty, the level of the water settled in the core is at mid-
height. At the same moment, the primary circuit pressure reaches 4 MPa, the intervention
threshold of the accumulators (Figure 6f).

3. Core Heating (after 1 050 s)

Although the accumulators are set in action, the mass of injected water is not enough to
reflood the core; it only allows a constant amount of water of about 50 000 kg (Figure 6d) to
be maintained in the vessel. The core flow rate is very low, of the order of a few tens of
kg/s. The pressure drops, while the temperature of the fuel rises rapidly (Figure 6e).
Because of the new temperature rise of the vapour associated with that of the cladding, a
small part of the residual heat is removed by the steam generators. The greater part of the
residual heat is removed through the break on the one hand, and by the rise in temperature
of the fuel on the other hand.
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RRP in Action (Figure 7)

1. Pressure Plateau - Flooded Break (~ 550 s)

There is a rapid drop in pressure in the primary circuit (Figure 7a) which stabilizes at around
the set pressure of the secondary circuit relief valves. The primary circuit temperature is
close to 280°C (Figure 7e). During this period, the RRP system builds up power until it
reaches slightly less than 40 MW (Figure 7b). The mass of primary circuit water decreases
rapidly (= 220 kg/s). The RRP heat exchangers create a cold spot in the vessel, thus
favouring natural convection inside the vessel to the detriment of the loops which are soon
in vapour. As in the previous case, the end of this period is characterized by dewatering of
the break with a stop to residual heat removal by the steam generators (Figure 7b).

2. Depressurization of the Primary Circuit - Break in vapour phase(from = 550s to = 1000s)

Because of the size of the break, there is a drop in the primary circuit pressure, as well in
the primary circuit temperature. As a result, there is a slight decrease in the natural
convection of the RRP system, as well as in the extracted residual heat, which stabilizes at
around 18 MW at 1 000 s. During this period, the flow rate at the break is = 50 kg/s. At the
end of this period, the mass of primary circuit water reaches 60 000 kg (Figure 7d); the
accumulators have started to inject water, as the primary circuit pressure is slightly below
their set pressure (Figure 7f).

3. Primary circuit Temperature Plateau (from 1 000 sto5 200 s)

For 2 300 s, the safety injection ensured by the accumulators (Figure 7f) keeps the core
flooded. From 3 000 s onwards, the primary circuit temperature follows the saturation
temperature of the primary circuit pressure, that is to say about 180°C and 1 MPa. During
this temperature plateau, the break and the RRP system participate equally in the removal
of the residual heat (Figure 7b). From 5 000 s, the core begins to uncover. The cladding
temperature rises at a rate of close to 0.5°C/s (Figure 7e). At this moment, the primary
pressure is close to 0.7 MPa, a pressure that is well below that of the commonly used low-
pressure injection systems.

6.3. Comments

These transient conditions show the advantage of having an available heat sink as near as
possible to the core. Once the primary pressure is lower than the set pressure of the
secondary safety valves, the steam generators no longer participate in removing the heat
from the core and it is then useless to cool them down. Any residual heat removal system
has to focus its action to the utmost on cooling the core rather than on cooling components
of the primary circuit which no longer participate in the removal of the residual heat, such as
the steam generators when their action stops. This is achieved by the RRP system through
its heat sink placed as near as possible to the core. When the primary temperature drops to
below that of the steam generators, the natural convection between the core and the steam
generators disappears to the advantage of the natural convection between the core and the
integrated heat exchangers. This heat sink allows the removal of part of the residual heat,
hence a reduction of the removal at the break, and therefore less loss of primary water. The
performance of this system, with completely passive operation, thus means a significant
gain for the management of small breaks vis a vis the time required to set low-pressure
safety injection systems in action (5 000 s in the case of a 10 cm break instead of 1 000 s).
High-pressure safety injection would no longer be necessary for these transient conditions.
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These results were obtained with totally passive operation of the RRP system, on the
intermediate circuit and the cooling tower alike, in order to systematically take into account a
generalized loss of power as the aggravating factor in the initial event. Forced convection,
obtained by intervention outside the containment, would enhance the performance of the
RRP system, a greater amount of residual heat removed, and a reduction of the time
required to reach full efficiency after start-up. The amount of residual heat extracted by the
RRP system would be greater and would lead to a longer grace period before the
intervention of the low-pressure injection systems.

7. CONCLUSIONS

The search for passive systems for the removal of residual heat led to this role being
fulfilled by in-vessel integrated heat exchangers with a special vessel layout so as to allow
an internal convection compatible with normal reactor operating conditions. The RRP
system can operate under any primary pressure or temperature whatever the passive or
active operational mode. When the primary circuit is intact, the RRP system allows the
passive removal of the residual heat with limitless autonomy.

The present assessment of the RRP system focused on the management of accidents such
as a small break in the primary circuit and did not consider the intervention of any other
system other than the RRP system. The transient calculations performed with the computer
code CATHARE confirmed the interest of this system for improving the management of
these transients. For the management of breaks of a few centimetres in the primary circuit
that requires the intervention of an injection system to make up for the loss of water, the
RRP system allows a significant increase of the grace period before this intervention, and
means that only a low-pressure injection system is needed.

The analysis of these transients allows us to hope for further, even more significant,
improvement in their management by forced convection operation of the RRP system by
means of active systems located outside the vessel. An analysis of the RRP system in the
overall design should make it possible to estimate the far-reaching interest of the system
due to its great number of potential advantages, relative to both safety and cost.
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