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ABSTRACT

The IRIS (International Reactor Innovative and Secure) is a 100 - 300 MWe modular
type pressurized water reactor supported by the U.S. DOE NERI Program. IRIS
features a long-life core to provide proliferation resistance and to reduce the volume
of spent fuel, as well as reduce maintenance requirements. IRIS utilizes an integral
reactor vessel that contains all major primary system components. This integral
reactor vessel makes it possible to reduce containment size; making the IRIS more
cost competitive.

IRIS is being designed to enhance reactor safety, and therefore a key aspect of the
IRIS program is the development of the safety and containment systems. These
systems are being designed to maximize containment integrity, prevent core
uncovery following postulated accidents, minimize the probability and consequences
of severe accidents, and provide a significant simplification over current safety
system designs.

The design of the IRIS containment and safety systems has been identified and
preliminary analyses have been completed. The IRIS safety concept employs some
unique features that minimize the consequences of postulated design basis events.
This paper will provide a description of the containment design and safety systems,
and will summarize the analysis results.

INTRODUCTION

From its very conception, IRIS has been designed to enhance overall plant safety
compared to even the most recent Generation III active or passive safety systems
designs. This has been accomplished in part by adopting a Safety by design"
approach whereby many serious accident sequences are eliminated. For example,
IRIS uses an integral reactor vessel (RV), which contains all the primary system
major components, so there is no large interconnecting loop piping. Thus, there can
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not be a large loss-of-coolant-accident (LOCA). In addition to eliminating accident
sequences, the IRIS safety and containment systems were required to meet the
following general design goals:

• The IRIS safety functions are to be performed passively, i.e. without
reliance on operator action, AC electrical power, HVAC, cooling water
systems, or other support.

• The IRIS safety systems are to be significantly simplified as compared to
current PWR designs.

• The IRIS design is to be failure tolerant, and provide increased margin and
a diverse means of maintaining core water inventory and heat removal to
the ultimate heat sink.

• The IRIS safety and containment system designs are to permit a
significant reduction in the size of the containment and associated reactor
building.

These goals were achieved by combining the IRIS integral RV with a small, high
design pressure containment and by removing heat directly from inside the RV. The
integral RV enabled the containment size to be minimized since there are no coolant
piping loops to the steam generators and coolant pumps that defined the
containment diameter in previous PWR designs. The small, high-pressure
containment reduced the amount of water lost from the RV during LOCA blowdown.
The in-vessel heat removal system acted to maintain water mass within the RV.
Analyses have shown that the core remains covered for an extended time (days)
following all creditable postulated LOCA events, even if no credit is taken for water
addition. In addition, the high-pressure containment can transfer heat directly
through its shell to provide a diverse means of decay heat removal.

Safety System and Containment Design Description

The design described below refers to a plant with an output of 100 MWe (~300 MWt)
which features a 20 meter diameter spherical steel containment. This containment
can be made with a design pressure of 1.65 MPa (225 psig) with standard thickness
steel. The containment uses a closure head that is removed to gain access to
remove the RV upper head in order to perform refueling operations. The upper head
is stored in, and fuel is transferred to, the fuel building located above the
containment. This eliminates the need for heavy lift crane and refueling machine
located within the containment.

Since the free volume of this containment structure is relatively small compared to
the volume of the IRIS RV, a pressure suppression water pool and gas space is
necessary to keep the containment peak pressure acceptably low following all
postulated events. A parametric study was performed to determine the pressure
suppression water and air space volumes required for a range of postulated LOCA
sizes. These analyses indicated that the containment pressure is limited to -10 MPa
(130 psig) using a suppression pool air volume of 300 m3. Additionally, a
suppression pool water volume of 150 m3 (40,000 gallons) was sufficient to
condense the steam released into the containment atmosphere while maintaining a
large amount of sub-cooling in the suppression pool water.
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With the containment size and peak pressure following the worst case mass and
energy release scenarios established, the optimum method of containment heat
removal and addition of emergency core coolant was investigated. Since the steam
generators (SGs) are located within the RV, the heat removal method makes use of
the large SG heat transfer surface so that the steam boil-off from the core would be
condensed and returned to the core. In fact, it would be possible to have no direct
cooling of the containment, since the amount of steam released to the containment
would be minimized and the containment design had ~40% margin to peak pressure.
This method of heat removal has been analyzed, and it was determined that indeed
for the expected LOCA location (at piping connections located in the upper portion of
the RV), the core will not uncover, even with NO credit for water addition to the RV.
This established the basic concept of the IRIS safety system design.

Of course additional safety aspects other than design basis LOCAs must be
considered in the design. This includes consideration of other design basis events
(DBEs), e.g.: SG tube rupture, steam line and feed line breaks; decreases or
increases in heat removal, inadvertent safety system actuation, loss of primary
system flow, inadvertent primary safety valve or relief actuation; and severe accident
scenarios resulting from multiple and common mode failures. Analyses to date have
been limited to evaluation of the LOCA responses and these analysis results are
discussed in more detail below. However the effects of other DBEs and beyond-
DBEs have been qualitatively considered in the safety system design, with the goal
to eliminate the actual occurrence of these events, if at all possible. For example,
the following design features reduce the consequences or eliminate the occurrence
of DBEs:

• The IRIS SG steam and feed-water piping, valves and instrumentation will be
designed for full primary side design pressure (17.24 MPa/2485 psig). This
feature eliminates the need for large SG safety valves, since the primary
system safety valves limit the pressure (and temperature) that can affect the
generators. This eliminates the inadvertent opening of a SG safety valve as a
creditable steam break event. Also, the high design pressure piping and
valves allows a postulated steam generator tube rupture (SGTR) to be simply
isolated. Thus, the consequences of a SGTR accident will be minimized by a
simple automatic isolation of the faulted steam generator, eliminating the
release of radioactivity that occurs in todays plants while the operator takes
actions to terminate the leak by equalizing primary and secondary pressures.

• The SGs are the once-through type, with the primary fluid outside the tubes.
Thus, the steam generator tubes are typically in compression (the high-
pressure primary fluid is outside) which will reduce the occurrence of stress
corrosion cracking. The tubes and headers are designed for an external
pressure equal to the full reactor vessel design pressure. Thus, a postulated
rupture of the steam generator feed water or steam piping which results in
depressurization of a steam generator will not compromise steam generator
integrity.

• The design of the control rod drive mechanism is being reviewed to eliminate
the possibility of a control rod ejection accident.

• The primary system has a low pressure drop flow path and high natural
circulation capability. These characteristics together with very flat reactor



coolant pump head vs. flow characteristic, will eliminate sudden loss-of-flow
accidents (e.g.; pump shaft break or rotor seizure) as a core damaging event

Additionally, the following design features are included in IRIS to mitigate events
including LOCAs due to a beyond-design-basis failure of the reactor vessel at or
below the core elevation, or for a complete failure to remove heat via the SGs:

• The reactor vessel is located within a cavity that will collect any liquid
discharged into the containment. This cavity will quickly flood-up and
submerge any LOCA at or below the core elevation, preventing core
uncovery. This flood-up cavity also ensures that the outside of the reactor
vessel is sufficiently cooled to prevent vessel melt-through following any
postulated severe accident

• Redundant and diverse gravity driven vessel makeup paths are provided from
the vessel cavity and the elevated suppression pool water to ensure that
water is always available to keep the core covered for an unlimited period of
time.

• A small reactor vessel depressurization path is added to provide the operator
with the means to reduce reactor pressure, and to assist in equalizing the
reactor vessel and containment pressure in the event of a low elevation LOCA
or the failure to remove heat via the SGs. This depressurization path also
minimizes the probability of high-pressure corium ejection events.

• The containment shell is cooled by the natural circulation of air up along the
outside of the containment shell. This cooling is very modest following events
where the SGs remove heat and quickly reduce containment pressure.
However, if it is postulated that all SG cooling is not available, and the
containment pressure and temperature become elevated, the air cooling of
the external surface of the containment shell will remove sufficient heat to
prevent the containment pressure from exceeding design pressure.

• Due to the small volume of the containment, the containment atmosphere will
be inerted to prevent any H2 flammability or detonation scenarios.

Safety System and Analyses

The initial safety analyses of the IRIS containment, pressure suppression features,
and SG cooling system were performed by POLIMI using a proprietary computer
code. These analyses served to size and establish the design parameters of the
IRIS safety systems, which include the following components:

• Four (4) independent SG heat removal heat exchangers that are submerged
in an elevated pool of water located outside containment. These heat
exchangers each have a supply line connected to one of four SG steam lines
upstream of the steam line isolation valves. Each heat exchanger return line
is connected to one of the four SG feed water lines just outside containment
and downstream of the feed water isolation valves. These heat exchangers
are designed to remove a total of 18.5 MWt from the primary system at
normal operating temperature using only natural circulation driving forces.
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They are designed for high-pressure operation so that they can be used for
passive heat removal following any loss of normal heat sink.

• The containment suppression pool consist of six (6) small tanks that are
partially filled with water. A total of 150 m3 of water is provided. These tanks
are connected to the 300 m3 suppression gas space, which is contained in the
lower elevation of the containment. This arrangement allows the suppression
water to be located at an elevation higher than the core, so that water from
these suppression tanks can drain by gravity to the RV.

• Redundant flow paths from the suppression pool water and from the RV cavity
to the RV are provided. These paths are opened and provide gravity driven
core makeup to ensure that the core remains covered for an indefinite time
following postulated LOCAs.

• The small, redundant, RV depressurization flow paths, included to help
equalize the pressure between the RV and the containment following a
postulated LOCA located at or below the core elevation and to prevent the
possibility of a high pressure core melt scenarios, were determined to be 2-
inch in size.

• The area of the containment shell, cooled by the natural circulation of air, was
verified to prevent the containment from exceeding design pressure even if all
four of the SG heat removal exchanger subsystems are assumed to fail to
provide heat removal.

The initial POLIMI analyses were repeated for confirmation using the GOTHIC
computer code. The initial accident analyses were done for a series of LOCA events
since these were the limiting events for establishing the containment, containment
pressure suppression, and SG heat removal performance parameters. The analysis
results presented below were performed for the IRIS with a 100 MWe output.

A 4-inch break of a RV piping connection

Due to the absence of any loop piping, IRIS will have no piping connections larger
than 2.6-inches in diameter. A break 4-inches in diameter is assumed for
conservatism in this analysis, and the break location at 12.5 meters from the bottom
of the RV represents the expected pipe connection elevation. In addition to the
conservative break size, this analysis assumes that there is no safety injection water
provided to the RV via the gravity makeup flow path. This represents a very
conservative case for long term core cooling.

Figure 1a illustrates the containment and RV pressure vs. time following the break.
RV pressure is shown to quickly decrease from the normal operating pressure due to
the rapid blow down of steam and water from the RV, and containment pressure
rapidly rises. The containment pressure peaks at ~1 MPa (130 psig) at -1600
seconds, and then decreases in conjunction with the RV pressure. Note that the
containment pressure continues to decrease along with the RV even though there is
very limited heat removal from the containment (air cooling only). This is due to the
fact that the steam within the RV is being condensed by the heat removal via the
steam generators, which reduces the RV pressure, and effectively stops the loss of
mass from the RV. In fact, the RV pressure is actually lower than the containment
pressure for a significant period of time. This is illustrated by Figure 1 b, which shows
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the break flow rate vs. time. The break flow rate decreases rapidly as the RV and
containment pressures equalize. This is followed by a period of time (from ~2 to 12
hours) where the break flow is actually negative; i.e., steam (and non-condensable
gas) is being drawn into the RV and the condensed steam results in an increase in
RV liquid mass vs. time.

After 12 hours the heat removal inside the RV via the SGs becomes slightly less
than the core boil-off rate, and break flow again becomes positive and the RV mass
inventory decreases. This occurs because some heat is being removed from the
containment vessel by air cooling on the external surface of the containment shell.
However, again due to the continued heat removal from within the RV; the pressure
difference between the RV and containment is very small and therefore the break
flow rate is very small. Figure 1c shows the resulting RV liquid level vs. time. Note
that the RV level is maintained well above the top of core, which is at 4.5 meters
above the bottom of the RV. In fact, the RV level only decreases from -6.7 meters
at 2 hours, to 6.2 meters at 2.3 days after the LOCA initiation. Again, it is
emphasized that this level decrease is calculated with no credit for gravity driven
makeup flow from the elevated suppression water tanks or from the flooded RV
cavity.
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2-inch break at 6.5 meters above the RV

This break corresponds to a postulated break of a long-term core makeup pipe. This
pipe connects to the RV at 6.5 meters above the bottom of the RV, but is still within
the RV floodup cavity. The pipe size is conservatively assumed to be 2-inches in
diameter, although the actual diameter is expected to be <1-inch.

Figure 2a illustrates the containment and RV pressure vs. time following the break.
RV pressure is shown to quickly decrease from the normal operating pressure due to
the rapid blow down of water from the RV, and containment pressure rapidly rises.
The containment pressure peaks at ~0.7 MPa (90 psig) at -4000 seconds, and then
decreases in conjunction with the RV pressure and is maintained at about 0.2 MPa
(15 psig) after 2.5 hours. Again note that the containment pressure is decreased
even though there is very limited heat removal from the containment (air cooling
only). Because the break location is very low on the RV, the mass loss from the RV
remains relatively high until the break is uncovered and steam flows from the RV
through the break. This high break flow results in the RV vessel level failing to ~4.8
meter elevation before the RV/containment pressures equalize and the loss of mass
from the RV stops. For this break location, there is a significant reverse break flow
rate when the RV pressure is reduced below the containment pressure since water
flows from the flooded RV cavity back into the RV via the break. This is illustrated in
Figure 2b, which shows the break flow rate vs. time; and in Figure 2c, which shows
the RV water level vs. time. The large negative break flow rate (water flow into the
RV) results in an increase in RV liquid level to almost the 7 meter elevation at ~5
hours. This level corresponds to the cavity flood up level.
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In the longer term Figures 2b and 2c show that the break flow rate is 0 and the RV
level is maintained. This transient is shown for only 1.2 days because this level is
maintained by flow from the flooded cavity through the submerged break.

Additional LOCA cases have been analyzed to demonstrate that the combination of
the large integral RV, heat removal via the SGs, and the high pressure steel
containment effectively prevents core uncovery even following beyond-design-basis
break locations. The cases analyzed included:

• A 1 inch break at the bottom of the RV to simulate a beyond-design-basis
failure of the RV.

• A 2 inch break at 7 meters above the bottom of the RV to simulate a beyond-
design-basis failure of the RV at the worst possible elevation (just above the
RV cavity floodup height).

For the above two cases, the core remains covered for an extended period of time.
Note that even for these cases, it is assumed that there is no gravity driven makeup
from the elevated suppression tanks or from the flooded RV cavity via the makeup
flow path (note that reverse flow through the break itself is considered).

Also, an extremely severe beyond design basis accident was postulated and
analyzed to show that core cooling and containment integrity will be maintained even
if it is assumed that no cooling is provided by the SGs following a LOCA. In this
case, the containment pressure approaches design pressure and this results in more
effective external air cooling that matches decay heat. Steam condensed on the
inside of the containment shell floods the RV cavity and provides sufficient gravity
head for makeup to the RV, which maintains the RV water level above the core.
Thus, the IRIS safety and containment systems provide a diverse means of both
heat removal and core makeup to prevent core damage.
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CONCLUSIONS

The IRIS safety and containment systems provide a unique combination of features
that can maintain core coverage following postulated LOCAs for an extended time,
even with no safety injection. Together with the IRIS integral reactor vessel, these
features also simplify the recovery from, or eliminate the occurrence of other design
basis events. This safety concept will also help IRIS achieve low electrical
generation costs by providing a significant simplification over current passive plant
designs, and by minimizing the size of the containment building. The probabilistic
risk assessment for IRIS should achieve low core damage and significant release
frequencies, since the concept provides large design margins and diverse means of
maintaining both core cooling and containment cooling.
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