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ABSTRACT

IRIS (International Reactor Innovative and Secure) is a modular, integral, light water cooled, low-to-medium
power (100-350 MWe) reactor which addresses the requirements defined by the US DOE for Generation IV
reactors, i.e., proliferation resistance, enhanced safety, improved economics and fuel cycle sustainability. It relies
on the proven technology of light water reactors and features innovative engineering, but it does not require new
technology development. This paper discusses the current reference IRIS design, which features a 1000 MWt
thermal core with proven 5%-enriched uranium oxide fuel and five-year long straight burn fuel cycle, integral
reactor vessel housing helical tube steam generators and immersed spool pumps. Other major contributors to the
high level of safety and economic attractiveness are the safety by design and optimized maintenance approaches,
which allow elimination of some classes of accidents, lower capital cost, long operating cycle, and high capacity
factors.
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1-INTRODUCTION

The novel IRIS design has attracted wide interest across the world and currently the international IRIS
consortium numbers 17 partner organizations from seven different countries, from North and South America,
Europe and Asia. IRIS design characteristics and predicted performance have been reported in previous
publications.1'"8-1 The IRIS development however is so rapid that information published only a few months ago is
already obsolete. In this paper we update the IRIS design as of June 2001, at the end of the conceptual design
phase. Major changes are:

1) While in the past we have been developing a 100 MWe design, we are now focussed on completing a
1000 MWt (~ 335 MWe) design. The rationale for this change is that, in line with conventional wisdom,
the higher power rating yields better economics, but more importantly, it reflects the fact the 1000 MWt
size is for the IRIS configuration about the largest size which continues to provide both technical and
economic attractive characteristics.

2) The first core will feature 4.95% enriched UO2 fuel. It is still a straight burn, no shuffling or partial
refueling core, but the core lifetime is about five years instead of the eight years previously reported for
the about 8% enriched fuel. The rationale is that the database for the higher enriched fuel is currently not
available, nor has such fuel ever been licensed or manufactured. This would have made impossible our
goal of an early IRIS deployment, around 2012. On the contrary, the first core has a burnup well within
the current database and the fuel assembly is very much similar to current PWRs. There will be no
licensing issues associated with the fuel.

3) Our academia team members do continue the development of the longer life, higher enriched fuel which
we expect to be adopted in reloads around the 2020 timeframe. A licensing extension will be pursued at
the time.

4) Our safety by design approach has been extended to other accidents in addition to the LOCAs and LOFAs
previously reported. A qualitative evaluation of steam generators tube rupture, steam and feed line break
and station blackout has indicated that the IRIS design lessens the probability and consequences of those
transient in respect to current PWRs. We have found that out of the eight Class IV accidents considered
in the AP600 SAR, only one (refueling error) could still be considered a Class IV event, but it has a
significantly reduced probability of occurring.



5) We have selected the reference design for the IRIS steam generators: eight helical coil, once-through
steam generators, very similar to a steam generator designed, fabricated and tested by IRIS partner
Ansaldo a few years ago.

6) Our reference reactor coolant pump, a spool type design, is proven but has not been used in nuclear
applications. This pump, used in marine and chemical applications, can be completely inserted inside the
vessel, only requiring a supply of electrical power and cooling water. It eliminates large vessel
penetrations and seals, has a large inertia for extended coastdown and large runout capability. The reason
that is not used in current reactors is that it operates only at low heads, about 18 psi. While the LWRs
pressure drop is much higher, the low-pressure drop IRIS design can accommodate the spool pump
characteristics.

7) We have defined another IRIS unique characteristic, which is to design for uninterrupted operation over a
4-year period. The maintenance and refueling shutdowns therefore will coincide on a 48-month period.
Springing from a previous study performed by MIT for both a PWR and BWR reactor, a combination of
extended off-line and on-line maintenance has reduced to a handful the maintenance requirements still
blocking a 48-month shutdown interval. Work is currently in progress to resolve the remaining issues.

8) We plan to insert internal shields in the peripheral annulus between the core and the reactor vessel, below
the steam generators. At minimal cost, they significantly reduce the induced radioactivity in the vessel
with several benefits: a much longer vessel life which could be well in excess of 60 years; greatly
reduced outside radiation field; the possibility of disposing the entire vessel including all the reactor
internals except the fuel, thus greatly facilitating decommissioning.

Finally, we have initiated preliminary exchanges with the US NRC, to start the regulatory process with the
objective of attaining design certification by 2008.

The following sections discuss in more detail the new IRIS design features. The reader is directed to previously
published articles for an overall vision of the IRIS program.

2 - NEUTRONICS

The first IRIS core will employ standard <5% UO2 fuel and standard PWR fuel assembly design. This
represents current, proven and licensed fuel technology, therefore no licensing issues related to fuel are foreseen.
A path forward for future fuel cycle enhancement (extending the core life to 8-10 years by increasing the fissile
content to about 8% enrichment) has been envisioned, but it will not be part of the initial IRIS design nor
licensing, and is therefore not discussed any further in this paper.

The first core will use UO2 fuel, enriched to 4.95 w/o in U235, with axial blankets and lower enrichment at the
core periphery. Fuel pellet diameter is 0.366", similar to the Westinghouse 15x15 fuel assembly (FA) design.
Fuel rod diameter is 0.423". Lattice p/d (rod pitch-to-diameter ratio) is 1.4, resulting in a slightly more open
lattice than in current PWRs. This is made feasible by the reduced use (or absence) of soluble boron which
makes the MTC (moderator temperature coefficient) more negative, thus contributing to inherent safety. At the
same time, it improves fuel utilization, i.e., it increases the average discharge burnup to about 40,000 MWd/tU
achieved in straight burn. The active fuel length is 14 feet.

Except for the increased p/d and 14-feet active length, the fuel assembly design is consistent with the 15x15
Westinghouse FA designs, as shown in Figure la. It incorporates 204 fuel rods, 20 guide thimbles for control
rods, and 1 central instrumentation tube. The fission products gas plenum length is increased (roughly doubled)
compared to current PWRs, thus eliminating potential concerns with internal overpressure. The integral design
allows increasing the gas plenum length with practically no penalty, because the vessel height is mainly
determined by the steam generators. The core includes 89 FAs arranged as shown in Figure lb. This
configuration has relatively high fill-factor (i.e., approximates well a cylinder), which is important to limit the
vessel diameter.
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Figure 1. IRIS 15x15 fuel assembly (a) and core (b) configuration.

Relatively large BOL (beginning of life) excess reactivity is needed to achieve 4-5 year core lifetime without
reshuffling or refueling. To control this reactivity, advanced burnable absorbers are employed, combined with
an increased number of control rod assemblies. Control rods are arranged in banks of black and gray control
rods, to address safety as well as operational reactivity control requirements. Current design focuses on use of
thin BIO fuel pellet coating (Westinghouse type IFBA - Integral Fuel Burnable Absorber) combined with
integral erbium or gadolinium, to tailor the reactivity depletion profile as required for a straight burn operation.
Sample reactivity profiles of fuel assemblies with no burnable absorbers and several types of BIO/IFBA and
integral erbium absorbers are depicted in Figure 2. Additional analyses are under way to further optimize the
design and use of burnable absorbers. IRIS operates at a somewhat reduced linear power (4 kW/ft average),
which provides additional margin for safe and reliable operation.
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Figure 2. Reactivity control using different types of burnable absorbers.

3 - SAFETY BY DESIGN APPROACH

As previously reported,'41 the IRIS reactor "safety by design" approach attempts to first eliminate the possibility
of accident sequences from occurring, and second, to reduce the severity of consequences and/or the probability
of occurrence. The integral reactor vessel (RV) configuration, shown in Figure 3, is an ideal layout for
implementing this approach. Because the integral reactor vessel contains the steam generators, reactor coolant
pumps and the pressurizer, there is no external large loop piping, and therefore there is no possibility of a large
LOCA. In addition, the IRIS integral RV configuration results in a tall vessel with elevated steam generators
and a low pressure drop flow path, which provides increased natural circulation capability and
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Figure 3. Vessel layout of the 335 MWe IRIS plant.

intrinsic mitigation of Loss of Flow Accidents (LOFAs). The integral RV also provides a large inventory of
water above the reactor core, which slows the reactor response to transients and postulated small LOCAs. The
thermalhydraulic coupling of the vessel and containment with consequent handling of small and medium LOCAs
has been reported in Refs. 4 and 5.

Another design feature, discussed in Ref. 3, that can contribute to the IRIS safety by design approach is to locate
the control rod drive mechanisms (CRDMs) inside the reactor vessel. Internal CRDMs eliminate the possibility
of a control rod ejection accident, because there are no driveline penetrations of the vessel head. Other design
features of the IRIS safety by design approach are: the use of steam generators and associated feed water and
steam line piping and valves that are designed for full reactor vessel (primary system) pressure and temperature,
the use of the steam generator for post-accident heat removal, and the inclusion of a vessel flood-up cavity.
Table I provides an extended and revised summary of the IRIS safety by design implementation. IRIS eliminates
from consideration or positively addresses the Class IV limiting faults (events that have a low probability of
occurrence but result in fuel damage) typically considered in safety analyses. Actually, out of the eight Class IV
accidents considered in the AP600 SAR, only one still needs to be considered by IRIS, but with a much lower
probability of occurrence. All the others either are eliminated or can be downgraded.



Table I. Implementation of IRIS Safety by Design.

Design Characteristic

Integral reactor
configuration

Tall vessel with
elevated steam
generators

Low pressure drop flow
path and multiple RCPs

Large water inventory
inside vessel

Reduced size, higher
pressure containment

Inside the vessel heat
removal

High pressure steam
generator system

Once through SG
design
Long life core

Safety Implication

No external loop piping

Can accommodate internal
control rod drives

High degree of natural
circulation

Core flow remains above
DNB limit with sudden loss
of one pump

Slows transient evolution
helps to keep core covered

Reduced driving force
through primary opening

Primary system cannot
over-pressure secondary
system

No SG safety valves
required

Low water inventory

No partial refueling

Related Accident

Large LOCAs

Reactivity insertion due to
control rod ejection

Loss-of-all-flow events (e.g.
loss of offsite power)

LOFAs (e.g., pump seizure
or shaft break)

Small-medium LOCAs

SGTR

Steam and feed line breaks

Refueling accidents

Disposition

Eliminated

Can be eliminated

High partial natural
circulation mitigates
consequences/reduces
required pump inertia

Reduced consequences - no
core damage occurs

Core remains covered even
with no safety injection
assumed

Reduced consequences -
accident terminated quickly
by simple automatic
isolation

Reduced probability and
reduced consequences

Reduced probability

A qualitative evaluation has been performed to assess how the IRIS safety by design approach affects such
accidents as steam generator tube rupture (SGTR), steam or feed line break (SLB or FLB), and station blackout.
The SGTR event likelihood can be reduced due to the fact that the steam generator (SG) tubes are in
compression (high pressure primary fluid outside tubes); in addition, the IRIS SG feed and steam piping,
isolation valves, and instrumentation are designed for full primary system pressure. This greatly simplifies the
recovery from a SGTR event since the primary system cannot overpressure the secondary piping. Therefore,
following the detection of a SGTR, the affected SG is simply isolated (automatically or manually), and the
primary and secondary side pressures equalize, thus terminating the leak. No special operator actions are
required to quickly cool and depressurize the primary side to prevent SG overfill. Adequate redundancy for
continued heat removal is assured by multiple SGs and feed/steam paths, and both normal and emergency heat
removal systems.

The high pressure design of the SGs, feed and steam piping, and isolation valves also reduces the likelihood of
SLB and FLB events. The high pressure design eliminates the need for SG safety valves, so their failure as a
SLB initiator is eliminated; and the high pressure piping and valves provide increased margin to failure. The
severity of these events is also greatly reduced because the small, modular, once-through SGs contain very little
water inventory; thus, with automatic feed water isolation, there is reduced energy release to the containment and
little impact on the large primary system temperatures.

The IRIS design is not susceptible to damage due to a postulated station blackout event (with reactor trip), since
IRIS safety by design provides passive means to remove core decay heat to the environment, maintain primary
system water inventory for core cooling, and provide necessary containment cooling. These functions occur with
no need for AC-power or other support systems. In addition, the IRIS reactor integral coolant pumps have no
seals, and therefore no consequential LOCAs occur.

Quantitative analyses of the IRIS accident sequences and PRA evaluations are planned for the next, preliminary
design phase.



4 - MODULAR HELICAL-COIL TUBE BUNDLE STEAM GENERATOR

Several configurations have been examined for the IRIS steam generators: straight-tube, U-tube, helical tube, C-
tube, bayonet tube. Based on overall lifecycle costs, design and manufacturing experience, and projected
reliability, a helical-coil tube bundle steam generator was selected. The helical-coil tube bundle is a proven
design that has operated in various reactors, including the French breeder SuperPhenix. There is also operating
experience in integral PWRs. This includes the German surface ship Otto Hahn[9'10], a Russian 200 MWt test
reactor1"1 which supported the design of the 500 MWt AST-500 reactor,[121 and of course some of the advanced
submarine fleet of nuclear states. The helical-coil tube bundle design is capable of accommodating thermal
expansion without excessive mechanical stress, has high resistance to flow-induced vibrations, and is projected
to have thermal performance second only to a straight-tube design (which was discarded because of the high
loads due to thermal growth caused by temperature transients, and due to compressive forces developed between
the feed and steam headers).

In the early 90s Ansaldo designed the integral PWR 650 MWt ISIS (Inherently Safe Immersed System)
reactor[13], which in many respects is similar to IRIS. In particular, the ISIS SG is also helical-tube and could be
considered a reasonable reference design for IRIS. The innovative aspects of the ISIS SG were successfully
tested in an extensive test campaign conducted on a 20 MWt full diameter, part height, test article. The test SG
consisted of 50 tubes arranged in 5 rows of 10 tubes, each row of 10 tubes forming 3 clockwise and 2
counterclockwise coils. Performance characteristics (thermal, vibration, pressure losses) were investigated along
with the determination of the operating characteristics domain for stable operation.

Eight steam generator modules (see Figure 4) are envisioned for the 335 MWe IRIS design and they are located
in the annular space between the core barrel (outside diameter 2.74 m) and the reactor vessel (inside diameter 6.1
m). Each IRIS SG module consists of a central inner column which supports the tubes and the lower feed water
header and the upper steam header. The tube coils are 1.64 m in diameter and there are 820 helical tubes
(outside diameter 19.05 mm and wall thickness 2.26 mm) arranged in 20 annular rows. The tubes are connected
to the vertical sides of the lower feedwater header and the upper steam header. The SG module headers are
bolted to the vessel from the inside of the feed inlet and steam outlet pipe.

eight nodules, 20 rows each
Reactor Vessel inside diameten 6100 tin \

Barrel outside diameter: 3740 pin

Figure 4. Layout of steam generator modules.



5 - REACTOR COOLANT PUMP

A new type of reactor coolant pump (RCP) has been adopted as the reference for the IRIS reactor, with the
backup being the canned pump used in AP600. IRIS will feature a "spool type" pump which has been used in
marine and chemical plant applications requiring high flow rates and low developed head. The motor and pump
consist of two concentric cylinders, where the outer ring is the stationary stator and the inner ring is the rotor that
carries high specific speed pump impellers. This pump has several advantages over typical RCPs that have the
pump/impeller extending through a large opening in the pressure boundary with the motor extending outside. In
the case of canned motor pumps, the motor casing becomes part of the pressure boundary and is typically flanged
and seal welded to the mating pressure boundary surface. The spool type pump would be located entirely within
the reactor vessel eliminating the need for large vessel openings and closure flanges; only small penetrations for
the electrical power cables and for water cooling supply and return piping are required. Further, the use of high
temperature motor windings and bearing materials are being investigated in order to eliminate even the need for
cooling water and the associated piping connections. In addition to the above advantages deriving from its
integral location, other advantages of the spool pump derive from its geometric configuration amenable to
provide high inertia/costdown and high run-out capability which will contribute to mitigate the consequences of
LOFAs. Because of the low developed head, spool pumps have never been candidates for nuclear applications.
The integral configuration, low pressure drop IRIS can accommodate these pumps and take advantage of these
characteristics.

6 - OPTIMIZED MAINTAINANCE APPROACH

The current IRIS operating cycle length goal is four years without a maintenance shutdown, to match the long
core life. However, to achieve the four year operating cycle requires more than simply extending component
maintenance intervals. Many regulatory-based and investment protection requirements have performance
intervals consistent with the operating cycles of today's generation reactor plants, i.e., 18 to 24 months. In
addressing the IRIS operating cycle length, a strategy of "defer if practical, perform on-line when possible, and
eliminate by design where necessary" has been adopted, where clearly the necessary amount of design effort
increases as the cycle length goal increases.

The collective set of all IRIS maintenance-related operating cycle barriers is determined by approaching the
problem from two directions. First, a previous evaluation of the barriers to a four year operating cycle in an
existing pressurized water reactor plant'14' has been reexamined in the context of the IRIS design. Although IRIS
is a significantly different design than current plants, this evaluation provides a foundation of known problems
which must be addressed. Second, the anticipated maintenance requirements of IRIS unique features must be
estimated during the design phase. This will identify areas where additional design effort must be focused to
ensure that unidentified operating cycle length barriers do not emerge after the design phase is completed.

Of the known four-year operating cycle barriers in an existing pressurized water reactor plant, many are
eliminated due to IRIS design differences. For example, all 18-month reactor coolant pump lubricating oil
maintenance actions performed at existing PWRs have been eliminated in IRIS by use of internal spool pumps,
which are lubricated by the reactor coolant. However, several barriers remain which require additional design
effort to resolve in the context of the IRIS design. Additionally, several barriers have been identified which do
not require plant shutdown but can only be performed in a reduced power window. These barriers are
summarized in Table II.

Table II. IRIS Operating Cycle Barriers.

Four Year Cycle. Regulatory Based: Four Year Cycle. Investment Protection Based:
- ASME Class 1 (reactor vessel) relief valve testing - Main condenser tube integrity inspections and
- ASME Class 2 (component) relief valve testing waterbox cleaning
- Steam generator tube integrity inspections - Main turbine generator throttle control system
- Safety system operability testing inspection and cleaning

- Main turbine generator trip testing

Reduced Power Window:
- Steam and feedwater flow meter calibrations
- Steam and feed system large valve maintenance
- Auxiliary heat exchanger tube integrity inspections

and waterbox cleaning
- Auxiliary systems pump and valve maintenance



For those barriers which require design resolution, the IRIS team is working to develop innovative solutions.
However, IRIS must be economically competitive so first consideration is given to maintenance solutions which
draw upon existing technology and design practices that lead to cost-effective solutions. For example, the IRIS
team has developed a novel reactor vessel overpressure protection system using paired safety valves which
permits on-line testing of one safety valve while the other valve of the pair provides the required overpressure
protection. This solution draws upon existing technology and manufacturing practice, and avoids a large capital
expenditure for development and testing.

Solutions to some IRIS barriers, such as steam generator tube integrity inspections, have not been so
forthcoming. For these barriers the IRIS team is investigating the fundamental component degradation and
failure modes, some of which are unique to IRIS. This effort will identify target areas for expenditure of
research and development resources on either technology development (such as inspection methods) or materials
and manufacturing development (such as improved reliability components). This is a continuing effort by the
entire IRIS team and, although much progress has been made, achieving the desired IRIS maintenance strategy
depends of overcoming these barriers.

7 - INTERNAL SHIELDS

Locating the steam generators in a peripheral annular configuration, for allowing ease maintenance and core
changeover without their prior removal, results in the formation of a wide open annular space surrounding the
core between the barrel and the vessel where internal shields can be located (see Figure 3). The width of this
annular space (downcomer) is about 1.5m for the IRIS 1000 MWt design, to be compared with 0.2 m typical of a
current PWR. This feature can be exploited to significantly reduce and possibly eliminate the external biological
shield, as well as the radiation field outside the reactor vessel. Implications are: a simplification of plant layout;
easier inspection and maintenance of the areas around the vessel, including easier access to the containment from
the point of view of radiation hazard; simplification of the reactor decommissioning, which can be realized by
disposing of the lower* part of the vessel, containing all the internals, including steam generators but not the fuel.
The advantage of internal shields in IRIS is not only an overall cost reduction, but also an improved public
acceptance.

Calculations by a Monte Carlo program (MCNP-4A) were performed for several shield configurations. Carbon
steel annuli of 100 mm thickness, with a thin stainless steel cladding and including or not B4C, were considered.
The results are summarized in Table III, which shows the dose and activation several weeks after shutdown.
Composite shields of borated carbon steel and water could keep the external dose within the 10 jiSv/h limit for
professional workers, while the vessel activation at the end of plant life is only an order of magnitude higher than
'hon radioactive" steel (1 Bq/g).

Evaluation of the dose rate during operation and immediately after shutdown is still in progress, but preliminary
results confirm the expectation that a significant reduction is obtained versus current PWRs.

Table III Effect of Internal Shield in IRIS

Configuration

Current PWR
IRIS: water only
IRIS: steel
IRIS: B4C steel

Shield
thickness

[ mm ]
200

1500
1500
1500

Shield material
(volume fractions)

Water
Water

30% steel, 70% water
20% B4C steel, 80% water

Dose(0)

[ mSv / h ] relative

3.6 E6 1
330. 1/11.E3
0.14 1/26.E6

0.006 1/600.E6

Activation(oo)

[ Bq / g ] relative

960.E6 1
10.2 E3 1/94.E3

30. 1/32.E6
10. 1/96.E6

(0) On the inner biological shield surface
(00) Several weeks after shutdown

9 - CONCLUSIONS

This paper documents the completion of the IRIS conceptual design phase. All the major tradeoffs have been
completed and key design choices firmed up. The preliminary design is now being initiated with great
enthusiasm as IRIS promises to be a major breakthrough in LWR technology and a key contributor to nuclear
power renaissance.

' The upper part of the vessel and the remaining part of the plant are non-radioactive
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