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ABSTRACT

This work presents a customized RELAP5-3D nodalization designed specifically for an iPWR
(integral Pressurized Water Reactor) operating under natural circulation conditions. Given the
absence of appropriate correlations in the used SYS-TH (system-thermal hydraulic) code for
HCSGs (Helical Coil Steam Generators), tuning of pressure drops and HTC (Heat Transfer
Coefficient) has been necessary on both sides of these heat exchangers.

Following the successful simulation of steady state conditions at full power, a comprehensive
start-up procedure has been implemented, comprising power increase ramps and steady-state
assessments. During these simulations, DWOs (Density Wave Oscillations) in the secondary side at
low power conditions have been encountered, prompting exploration of mitigation strategies
leveraging the understanding of Ishii-Zuber dimensionless numbers, namely the Phase Change
Number and the Subcooling Number.

Thereafter, a power uprate under primary forced circulation is pursued. The integrated linear
heat generation rate of the hottest rod is increased to 55 kW/m, followed by the scaling of the
reactor power accordingly. The angular speed of the implemented primary pumps is regulated using
an integral controller. Results indicate reasonable superheating in the secondary side and
satisfactory subcooling at the core outlet. Given the reactor's small core dimensions and the
significant power increase achieved, fuel cycle duration would be substantially shortened unless
fuel enrichment is increased.
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1 INTRODUCTION
1.1 Small Modular Reactors

In recent years, the imperative for decarbonization and achieving energy independence has become
increasingly pressing. Nuclear power clearly stands out as a pivotal player in addressing these
challenges. However, the landscape of large-scale nuclear power plants in many Western economies
has been marred by cost overruns and a lack of political will to pursue a renaissance in this sector.
Private investors are often inclined towards renewable technologies due to subsidies and the
relatively rapid return on investment they provide. However, it is widely acknowledged that in an
electrical grid, baseload energy sources play a crucial role in its stability, a requirement that
intermittent renewables are unable to meet, especially considering the limitations of current energy
storage technologies, which are generally incompatible with seasonal electricity storage.

Consequently, there has been a growing interest in the concept of leveraging mass production
in the nuclear power sector, with a focus on small-scale, factory-built reactors. This approach
promises expedited construction schedules and reduces initial capital outlay, while giving the
possibility to account for baseload energy production. It's worth noting that the decision to increase
the size of nuclear reactors 60-70 years ago was primarily driven by economic factors, namely
economies of scale and neutron economics. Only time will reveal which scale choice proves more
advantageous. Still, SMRs (Small Modular Reactors) could offer unquestionable deployment
opportunities concerning the installation in remote locations and regions with small energy grids.
However, this study does not primarily focus on the economic aspects of SMRs, but rather on some
design characteristics of one of the most promising types. Among SMRs, being reactors with a
power output up to 300MWe, the water-cooled, water-moderated types, drawing upon almost
20,000 years of LWRs (Light Water Reactors) operational experience, are the closest to realization.
In this study, emphasis has been placed on the iPWR type. [1] [2]

1.2 Integral Pressurized Water Reactors

IPWRs are essentially water cooled, water moderated pressurized water reactors. This means
that the water within the reactor core remains in a liquid state (except for some eventual subcooled
nucleate boiling), and heat is transferred to the secondary side through heat exchangers, known as
steam generators. The fuel enrichment is typically lower than 5%. Operating conditions in iPWRs
closely resemble those of traditional PWRs (Pressurized Water Reactors), particularly in terms of
primary pressure, which is typically maintained at or below 15.5 MPa to ensure a certain degree of
subcooling at the core exit. Because of the reduced core dimensions, the conventional enrichment,
and the necessity to have a reasonably long fuel cycle, the linear heat generation rate and the core
power density are smaller than the one achieved in large PWRs.

The predominant flow trajectory of the primary reactor coolant involves an ascent from the
core through the central hot leg riser, followed by a descent along the exterior of the HCSGs tubes,
with the return flow directed towards the base of the core via an annular DC (Downcomer). During
this transit across the SGs tubes, heat is transferred to the secondary side water contained within the
tubes. Simultaneously, the secondary side fluid undergoes a progression upwards within the SGs
tubes, where it experiences heating, vaporization, and subsequent superheating, culminating in the
generation of high-pressure steam intended for the turbine generator unit.

A notable departure from traditional PWRs, besides their size, is the internal positioning of
SGs within the reactor vessel, specifically located in the downcomer region. Unlike conventional
PWRs, iPWRs adopt OTSGs (Once-Through Steam Generators), obviating the necessity for steam
separators and dryers, thereby simplifying the design. To augment heat transfer efficiency, iPWRs
integrate HCSGs, thereby amplifying both the heat transfer area per unit volume and the HTC.
Within these systems, the secondary flow ascends within the tubes, while the primary flow operates
in a counter-current fashion.
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In contrast to U-tube steam generators, OTSGs generally afford a much briefer grace period in
the event of feedwater loss, as exemplified by the TMI2 accident. However, iPWRs frequently
offset this reduction in secondary water volume by augmenting the primary volume (relative to core
power), and by featuring a design characterized on the availability of emergency heat exchangers
immersed in large water pools for decay heat dissipation. Additionally, OTSGs, due to their modest
water inventory, mitigate the potential for a return to power subsequent to a steam line break
accident. The thermodynamic cycle employed is a Rankine-subcritical regenerative cycle with
superheat.

A significant simplification and safety enhancement is achieved by eliminating external
piping, thereby eliminating by design the risk of LBLOCAs (Large Break Loss Of Coolant
Accidents), which are among the most challenging scenarios to manage.

Primary coolant circulation in iPWRs can be achieved through either natural or forced
circulation. Natural circulation necessitates a substantial elevation difference between core and
steam generators, requiring taller vessel structures and containment systems. In contrast, forced
circulation systems require specialized pumps to induce circulation, adding maintenance
requirements and additional capital costs. However, pump-assisted circulation offers the potential to
increase the primary flow rate, thereby safely enhancing core power output without inducing DNB
(Departure from Nucleate Boiling). Additionally, pumps can help prevent flow oscillations in the
primary side.

Moreover, iPWRs frequently incorporate a substantial pressurizer volume relative to power
output, ensuring a significant margin for power adjustments. A considerable volume of primary
coolant affords substantial thermal inertia and prolonged response times, thereby fortifying
resilience against some kinds of operational transients and design basis accidents.

Also, they often depend on passive safety systems to manage design basis events. Proponents
of such solutions argue for enhanced safety, implying a reduced core damage frequency. However,
according to some experts, this assertion requires substantiation and may not necessarily hold true.
Nonetheless, it is indisputable that these systems offer cost-effective alternatives to their active
counterparts in terms of construction and maintenance. [3]

Several iPWR designs have been developed, each possessing distinct characteristics and operational
parameters. [4,14]

2 DESCRIPTION OF THE REFERENCE I-PWR DESIGN
2.1 Background and history

The reference design is vaguely inspired to the NuScale design [14] even though this study does not
claim to mirror the NPM (NuScale Power Module) normal operation characteristics nor its response
to operational transients or accidental conditions. Anyway, in the following a description of the
NuScale design itself will be given.

The NuScale SMR has been developed based on the expertise acquired from the MASLWR facility,
initiated at the beginning of the millennium. This facility, spearheaded by OSU (Oregon State
University) and funded by the U.S. Department of Energy, laid the foundation for the NuScale
reactor. The OSU-MASLWR facility is characterized by a 1:3 length scale, 1:254.7 volume scale,
and 1:1 time scale compared to the originally planned full-scale MASLWR reactor prototype. The
transition of OSU patents to NuScale in 2007 led to the establishment of the company.

NuScale achieved a significant milestone in 2020 by obtaining NRC approval for its SMR design.
This approval allows for a configuration accommodating up to 12 modules, each capable of
generating 50 MWe of power. Subsequently, in March 2023, NuScale submitted an application to
the NRC for its plant design featuring upgraded 77 MWe NPMs. The project was close to
deployment at the UAMPS Carbon Free Power Project, sited at the Idaho National Laboratory, but
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it faced cancellation in November 2023 due to projected cost escalations and challenges in
garnering unanimous municipal support.

2.2 Technical characteristics

The design of the NuScale reactor [14] features an integral power module housing the reactor core,
two helical coil steam generators, and a pressurizer within the reactor vessel. The RPV (Reactor
Pressure Vessel) is enveloped by a CNV (Containment Vessel), partially submerged in a pool
serving as the ultimate heat sink for long-term decay heat removal. The primary system flow is
driven by natural circulation. Safety systems are fully passive obviating the need for emergency
diesel generators.

Leveraging reduced source term characteristics compared to large LWRs, NuScale secured NRC
(Nuclear Regulatory Commission) approval for an EPZ (Emergency Planning Zone) confined to the
site boundary, in contrast to the conventional 10-mile (16km) radius zone mandated for standard
nuclear power plants in USA.

The reactor pressure vessel is a cylindrical steel vessel with an inside diameter of approximately 3m
and an overall height of approximately 18m, designed to withstand an operating pressure of
approximately 12.8 MPa. A flanged lower portion facilitates refueling access.

The reactor's pressurizer system maintains coolant pressure through a pair of heater bundles
installed above the pressurizer baffle plate and a spray provided by the chemical and volume control
system. A steel pressurizer baffle plate integral with the RPV provides a barrier between the
saturated water in the pressurizer and the RCS (Reactor Coolant System). The pressurizer baffle
plate is integrated with the upper steam plenums, has 8 flow holes having a 10cm diameter each to
allow surges of water into and out of the pressurizer, and to act as a thermal barrier.

The core configuration for the NPM consists of 37 fuel assemblies and 16 CRAs (Control Rod
Assemblies).

The fuel assembly design is like a standard 17x17 PWR fuel assembly. The only significant
differences are that the fuel assembly is nominally half the height of a standard fuel assembly and is
supported by five spacer grids. The fuel is uranium dioxide, with gadolinium oxide as a burnable
absorber homogeneously mixed within the fuel in select rods. The U-235 enrichment is less than
4.95 percent. A seamless M5R fuel rod cladding encapsulates the fuel pellets which are
cylindrically shaped with a spherical dish and chamfer at each end. Each fuel rod has an internal
spring system which axially restricts the position of the fuel stack within the rod. The fuel rods are
pressurized with helium.

The CRAs are organized into two banks: a regulating bank and a shutdown bank. The regulating
bank is used during normal plant operation to control reactivity. The shutdown bank is used during
normal shutdown. All 16 CRAs are inserted for scram events. The individual rods contain B4C
pellets in the upper portion of the rod, and AIC absorber in the tip of the rod. This hybrid
configuration of AIC and B4C is adapted to the NuScale design to reduce the total weight of the
CRAs (B4C is lighter than AIC).

Unlike the AIC material, the B4C can produce helium gas under neutron fluence leading to the
potential buildup of gas pressure in the rod. Thus, the use of B4C is restricted to the low flux region
at the top of the rod where helium production is minimal, and the AIC material is used in the high
flux region. The rod internals are sealed within a 304 stainless steel cladding tube to protect the
absorber from the coolant. The tube is plugged and welded at each end.

The core is surrounded by a stainless-steel heavy neutron reflector.

Differently from most of the other iPWR designs having many small HCSGs, NuScale features two
large HCSGs whose helix is intertwined along the riser assembly axis. This allows symmetrical
inlet core temperature even in the case in which only one of them is operating. They are composed
by 1380 tubes in total with an average length of about 24m, and an inner diameter of about 1.3cm.
Each SG tube is comprised of a helix with bends at each end that transition from the helix to a
straight configuration at the entry to the tubes’ sheets. In normal operation they produce steam at
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3.5MPa, 580K with a moisture content smaller than 0.1 percent. The feed and steam plena
comprising a single SG are configured 180 degrees apart and a total of four feed and four steam
plena are located 90 degrees apart around the RPV. [11] [12] [13] [14]

3 RELAP5-3D NODALIZATION FOR THE REFERENCE DESIGN
3.1 General guidelines

The general guidelines for setting up the nodalization have been derived from the RELAP5-
3D code manuals. [15,16]

As a general rule of thumb in the primary system nodalization, volumes lengths have been
kept between 10 and 50cm, mainly around 20cm for the primary circuit but their length can reach
2m in the steam line region. Also, it has been tried, when possible, to keep the ratio length/hydraulic
diameter greater than 1 and homogeneous for the system. In fact, having all the nodes with the same
Courant limit, would allow the selection of an optimized maximum time step, beneficial both from
the point of view of computational time and numerical accuracy.

In the primary system, as well as in all the natural circulation loops modeled in this work, the
"slice nodalization™ technique is implemented to enhance the code's ability to replicate natural
circulation phenomena. This approach involves dividing mesh cells into different nodalization
zones at the same elevation, each with identical cell lengths. By doing so, errors stemming from the
position or elevation of the cell nodalization center, which could impact calculated data accuracy,
particularly in the presence of natural circulation regimes, are mitigated. These errors stem from the
computation of the gravitational contribution to the momentum equation of physically parallel
volumes situated at points with varying elevations. Consequently, they aggregate to form a kind of
spurious pump effect. Without employing the "slice nodalization™ technique, these errors must be
considered, especially as they amplify with the use of larger nodalization cells. However,
employing a "fine nodalization" can alleviate this issue. While the impact of this error on results is
generally less significant in simulations of forced circulation regimes, adopting the “slice
nodalization” technique may necessitate nodes of smaller lengths, potentially leading to increased
numerical errors and computational time. [17] This is for instance true in the present work, where
the part of downcomer parallel to the core, is characterized by relatively short nodes.

All the major flow paths have been represented: the main flow path (core, riser, downcomer,
lower plenum), the guide tube bypass, the reflector bypass, and the connection between the
downcomer and the pressurizer through the pressurizer plate.

A flow path was disregarded due to insufficient information and its insignificance to the
conducted simulations. In the reference design, certain holes establish connections between the riser
region and the steam generator region. In this configuration, if the water level were to decrease
below the riser height and unborated steam were to condense in the downcomer, these holes would
facilitate the mixing of borated water from the riser with the condensate entering the downcomer.
This mechanism serves to prevent undesired reactivity injection when the condensate reaches the
core.

Throughout the nodalization, the default format for junctions and volumes flags has been
adhered to. However, a departure from this convention is observed in both the downcomer-steam
generator region and the core, where, in the volume control flags, the option b=1, has been selected.
This option allows the use of the rod bundle interphase friction model. Although the DC-SG region
is not properly having vertical bundles in it, using the option b=1 is clearly more accurate than
using the pipe interphase friction model.
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3.2 Core

The core is represented by a single hydraulic channel (pipe component) in which five heat
structures levels are located. In particular, the core fuel assemblies have been thermally divided into
three radial regions: the peripheral, the intermediate and the inner region. In addition, the hot fuel
assembly and the hot rod are individually represented as well. The core power is divided into these
structures referring to the beginning of cycle, equilibrium cycle, axial and radial distributions. The
utilized fuel rods length keeps into account thermal expansion. In particular, the full power steady
state volumetric average temperature of the fuel has been used, in combination with an appropriate
volumetric expansion coefficient, to get the hot rods average length.

3.3 Downcomer (Steam generator region)

In RELAP5-3D, correlation for flow across a tube bank are not available: that’s true for both
friction and heat transfer aspects. The downcomer hydraulic diameter has been reduced with respect
to the estimated tubes distance in order to increase the pressure drops. To increase the HTC of the
shell side of the heat exchanger a reduction of the heated diameter has been implemented.

3.4 Primary system’s pressure drops

To adjust the core and bypass flow rates within the primary circuitry, a decision was made to simply
reduce the HD (Hydraulic diameter) in specific areas, being the downcomer (in the steam generator
region), the guide tubes, and the reflector holes. This adjustment strategy was chosen over
employing arbitrary localized singular pressure drop coefficients in the primary side, shifting the
responsibility of tuning the primary flow to the downcomer itself. Consequently, a substantial
reduction of the physical hydraulic diameter was deemed necessary. Singular pressure drops
coefficients have only been used at spacer grids’ locations.

3.5 HCSGs

The 1380 helical tubes of the reference iPWR are divided into four groups and are connected to the
four feedwater headers and four steam plena.

In the RELAP5-3D nodalization, each one of these four groups of tubes is modeled by a single pipe.
Each pipe is characterized by an equivalent flow area, an average length, an estimated pitch angle
and a hydraulic diameter equal to the geometric one. In this phase, it was deemed not necessary a
reduction of the HD in the tubes because of the arbitrarity of the singular pressure drop at the tubes
inlet.

At each tube inlet, a flow restrictor is present in order to increase pressure drops and to avoid
DWOs for full power conditions. To simulate this feature, an arbitrarily large k-factor has been
placed at the inlet junction of each of the tubes.

The heated diameter has been reduced to increase the HTC. It has been checked that the order of
magnitude of the HTC is the same as the one provided by correlations available in literature. [18,29]

3.6 Nodalization sketches

A sketch of the primary side nodalization is shown in Figure 1., while a sketch of the
nodalization adopted for the secondary side is shown in Figure 2.
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3.7 Steady state results

In Table 1., a comparison between some relevant parameters as reported in the reference

documentation [14], and the data obtained by using RELAP5-3D is presented.

Table 1. Steady state in natural circulation: main parameters comparison

Parameter (unit) Reference [14] RELAP5-3D
Core thermal power (MW) 160 160
Average linear power density (kW/m) 8.2 8.2
Primary pressure (MPa) 12.755 12.755
Primary flow rate (kg/s) 587 586
Bypass flow (%) 7.3 7.2
T cold primary (° C) 258 260
T hot primary (° C) 314 313
T average primary (° C) 284 286
Coredelta T (° C) 56 53
Subcooling at core outlet (° C) 16 17
Secondary flow rate (kg/s) 67 67
SG inlet temperature (° C) 149 149
SG outlet temperature (° C) 307 311
SG outlet pressure (bar) 34.5 34.5
SG outlet superheat (° C) 65 69

4 START-UP IN NATURAL CIRCULATION

4.1 Introduction

An iPWR lacking primary pumps is typically equipped with auxiliary systems designed to
elevate the primary water temperature close to the nominal average temperature, primarily for
reactivity considerations. In fact, the doppler effect is more efficient at higher fuel temperatures.
This is often achieved through the utilization of an external heat source. Furthermore, in the initial
stages of the start-up, it is common practice for the pressurizer to be pressurized using nitrogen.
Subsequently, this nitrogen is purged through a dedicated line, once saturation conditions are
attained in the pressurizer heater bundles region.

These phases are not considered in the present work, and we will commence the procedure
after the initial phase, specifically from a steady state performed at 15% power, supposing the
pressurizer at the nominal pressure.
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To prevent any potential feedback between an arbitrarily set up control system and potential
instabilities in the secondary side, the flow rate was manually regulated through an iterative
procedure. Specifically, thermodynamic properties tables of water were utilized to adjust the
secondary flow rate iteratively though an energy balance, ensuring alignment with the desired
primary average temperature. The procedure was iterative both because of the dependence of the
HCSGs outlet pressure on the secondary flow rate and because of the interdependence of primary
flow (and primary average temperature) on the water density profile in the downcomer and in the
core.

Three sets (1.1, 1.2, 2.1, 2.2, 3.1, 3.2) of sensitivity studies were conducted following this
procedure. In response to observed instabilities, adjustments were made in the second study of each
set. Specifically, singular pressure drops at the inlet of the HCSGs were increased. This
modification was implemented based on the understanding that heightened pressure drops at the
HCSGs inlet are anticipated to exert stabilizing effects on DWOs. In studies x.1, a k-loss coefficient
of the order of 10, consistent with the value utilized for the full power steady state, was applied at
the inlet of the HCSGs tubes. However, in studies x.2, this coefficient was increased to 10°. It's
important to note that values higher than 10® were deemed impractical due to pressure spikes at the
steam generator inlet. Such spikes lead to the failure of the code's capability to perform consistent
interpolations for thermodynamic properties.

For cases 1.1, 1.2, 2.1 and 2.2, upon reaching this steady state at 15% power, gradual power
ramps ensued, with increments of 5% of nominal power occurring over a period of 5’000 seconds.
Subsequently, the core power and secondary flow rate were maintained at constant levels for
10’000 seconds, allowing the attainment of a steady state at reduced power. This iterative process
continued until the system reached 100% of the nominal power, followed by other 10°000s of
constant boundary conditions.

For cases 3.1 and 3.2 instead, being the response of the system faster, the power ramps
occurred over a 2°000s period after which core power and secondary flow were held constant for
3°000s. The only exception is the stabilization at 60% power, which was given 20°000s to happen.

4.2 Cases1.1and 1.2

In the first two studies, the turbine inlet pressure was maintained at a constant level,
consistent with the value employed for the 100% power steady state.

Throughout each power ramp, the feedwater temperature experienced a linear increase
starting from 75% of the nominal temperature (measured in Celsius). This progressive adjustment
aimed to ensure that by the conclusion of the final ramp, the feedwater temperature matched that
utilized for the full power steady state. This adjustment aimed to reflect typical considerations in the
balance of plant for regenerative Rankine cycles. To provide context, steam extracted from the
turbine is utilized to preheat the feedwater. This practice reduces the fraction of core power required
to bring the feedwater to the desired conditions and minimizes heat rejection at the condenser. At
lower power conditions, the feedwater preheating is typically less pronounced, as the plant is
optimized to operate at maximum efficiency during nominal power operation.

The feedwater flow rate was regulated to uphold a constant primary average temperature
throughout the entire process. However, without the implementation of a control system, small
deviations from the desired temperature were observed. Essentially, variations in secondary side
pressure drops, driven by changes in secondary flow rate, posed challenges in achieving precise
tuning. This difficulty was compounded by the fact that the outlet enthalpy of the steam generators
is contingent upon pressure. Additionally, primary flow and temperature are influenced by heat
transfer dynamics and temperature profiles within the HCSGs. As a result, as already mentioned,
slight deviations of a few degrees between the desired and achieved primary temperatures were
observed.

The results have indicated significant secondary side oscillations occurring below 60% power
in both cases, as shown in Figure 3., despite the implementation of higher singular pressure drop
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coefficients in the second study, which were able to mitigate their magnitude to some extent. These
oscillations induced fluctuation in the primary flow as well, albeit with significantly smaller
magnitude. Moreover, potential neutronic-thermal hydraulic feedback in the primary side were
disregarded, as the core power was imposed using a predetermined power versus time table.

The secondary oscillations are predicted by the code as a physical phenomenon (not
numerical). As an example, at 30% power, the oscillations period (around 8s), as shown in Figure 4.
and Figure 5., is greater than the time step (0.01s). Moreover, the period is comparable with the
transit time of the fluid in the HCSGs tubes (about 7s), which has been computed by dividing the
tubes length by the average velocity of the fluid. Also, as shown again in Figure 4. and Figure 5., a
parallel channel behaviour is predicted. In Figure 6. instead, we can see the propagation of the
density wave (or void wave) along one group of tubes, typical of DWOs.
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Figure 3. Mass flow rate in each group of steam generator tubes at different power levels in
cases 1.1 and 1.2 (Sensitivity to the inlet singular pressure drops)
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Figure 6. Void fraction in the first five volumes of the first group of steam generator tubes.
The density (or void) propagation wave can be noticed.

4.3 Cases 2.1 and 2.2

In these studies, an effort to enhance the feedwater subcooling at low power was undertaken
with the intention of reducing the magnitude of density wave oscillations through an increase in the
"Subcooling Number" as represented on the Ishii-Zuber plane [30]. To achieve this, the initial
turbine inlet pressure was elevated by 45% compared to the nominal value (in bar), and
subsequently decreased linearly during each power ramp until reaching the nominal value for full
power conditions.

As for the other boundary conditions in cases 2.1 and 2.2, they mirrored the considerations
applied in cases 1.1 and 1.2, respectively.

The results of these studies revealed again instabilities occurring below 60% power,
analogous to those observed in case 1, but their magnitude is now considerably reduced. In Figure
7. the secondary mass flow rate for each of the four group of SG tubes in case 2.1 and 2.2 is shown.
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Figure 7. Mass flow rate in each group of steam generator tubes at different power levels in
cases 2.1 and 2.2 (sensitivity to the inlet singular pressure drops)

4.4 Cases 3.1 and 3.2

In this last couple of studies, another approach was adopted to address the instabilities
experienced up to 55% power. It was decided to increase the secondary flow rate up to the power
range characterized by instabilities, ensuring that saturated steam was obtained at the steam
generator outlet. This strategy was aimed at reducing the "Phase-Change number" as depicted on
the Ishii-Zuber plane [30], thereby exerting a stabilizing effect.

As a consequence of this adjustment, the primary average temperature remained notably
below the previously targeted average one, before experiencing a sharp increase once adequate
superheating in the secondary side was restored. Through this procedure, significant mitigation of
secondary instabilities was achieved. In Figure 8. the secondary mass flow rate for each of the four

group of SG tubes in case 3.1 and 3.2 is shown.
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Figure 8. Mass flow rate in each group of steam generator tubes at different power levels in
cases 3.1 and 3.2 (sensitivity to the inlet singular pressure drops)

4.5

Final considerations

It should be noted that the absence of correlation for pressure drops in the HCSGs in our
model had a stabilizing effect. This was because the simulated distributed pressure drops were
lower than what would have been predicted by using appropriate correlations.
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In conclusion, this study does not claim to accurately capture the behavior of HCSGs, but
rather aims to provide insights into the possibility of instabilities and into approaches to address
them from a thermal-hydraulic perspective. Furthermore, it is imperative to consider these
instabilities from a structural mechanics standpoint as well.

The development of a stability map in the Ishii-Zuber plane for the HCSGs was not pursued
due to the absence of correlation in our model for pressure drops and heat transfer on both sides of
the heat exchanger. This lack of correlations would have resulted in a map with potentially limited
accuracy.

The adopted approach, although approximate, allowed to match fairly well the primary flow
rate and core AT [14], as shown in Table 2. (data relative to case 1.1).

Table 2. Comparison of steady state parameters at reduced power

Power | Reference RELAP5-3D Reference RELAP5-3D Referenc | RELAPS5-
(%) Primary flow Primary Primary average | Primary average | e Core 3D
(kals) flow (kg/s) temperature (" C) | temperature (° C) | AT( C) Core
AT( C)
15 280.2 300-305 284 279 17.6 15.9-
16.2
50 443.7 438.5 284 282 36.9 36.3
75 521.6 519.9 284 283 46.9 45.7
100 587.0 588.4 284 286 55.4 53.0
5 A PRELIMINARY STUDY ON THE POTENTIAL POWER UPRATE

OBTAINABLE BY SWITCHING FROM NATURAL TO FORCED CIRCULATION
5.1 Introduction

In the current investigation, we conducted a preliminary exploration into the potential
enhancement of power output for the reference natural circulation iPWR through the
implementation of forced circulation. It is well-established within the field that the flow rate
achievable in a natural circulation system significantly lags behind that attainable through forced
circulation mechanisms. This disparity notably compromises both the HTC and the temperature
difference between the core's inlet and outlet. Consequently, the power output attainable in a reactor
under natural circulation is notably inferior to that achievable with forced circulation. Our study
therefore delved into the preliminary assessment of integrating primary pumps into our reference
design.

5.2 Methodology

Central to the employed methodology was the utilization of a nodalization framework capable
of accurately predicting steady-state parameters under natural circulation conditions. Leveraging
this nodalization, we executed a procedure to enhance power output. This involved elevating the
average linear heat generation rate of the hottest fuel rod to a maximum of 55 kW/m (17 kW/ft),
with subsequent scaling of the total reactor power accordingly. The core thermal output power was
therefore increased by almost a factor 5. Core axial and radial power distributions were maintained,
as a first approximation, in line with the reference case.
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Adjustments were made to the secondary and primary mass flow rates to ensure the
production of superheated steam at the steam generator outlet and to maintain a reasonable
subcooling level at the core outlet. Specifically, the secondary flow rate was determined through a
simple energy balance calculation, while the speed of the primary pumps was regulated to achieve a
core flow rate capable of providing a core AT approximately of 20° C. Increasing the superheat of
the secondary steam ultimately results in a decrease in primary subcooling at the core outlet. In this
analysis, emphasis was placed on prioritizing power extraction and core exit subcooling over
thermodynamic efficiency. Although both primary and secondary pressures could have been
increased to enhance overall efficiency, we chose to maintain these parameters at their reference
levels for the current preliminary analysis. Regarding the calculation of the fuel cycle length, it was
assumed that the maximum achievable burnup remains consistent with that of the natural circulation
version. Therefore, to calculate it, we assume that it scales inversely with the power increase.

5.3 Pumps selection

Based on the reference design characteristics, the decision was made to incorporate primary
pumps inspired to the ABWR’s (Advanced Boiling Water Reactor) RIPs (Reactor Internal Pumps)
[31]. This selection primarily stemmed from geometric considerations, particularly regarding the
potential availability of free space within the downcomer/lower plenum region.

In fact, while iPWRs featuring primary pumps typically position them above the HCSGs, with
the steam outlet piping exiting the vessel radially, our design differs. In our reference design, the
steam generator piping enters the steam plenum along the reactor pressure vessel axis, occupying
the upper part of the downcomer. Additionally, the flange allowing the detachment of the RPV's
bottom and top parts for refueling is located below the HCSGs. Therefore, this placement of the
pumps also would make sense from a maintenance standpoint. Furthermore, this positioning would
enhance the NPSH available for the pumps, as they would be situated in a region with higher
pressure and lower temperature compared to the downcomer upper region.

Four pumps with rated angular speed, torque, volumetric flow rate, and head matching those
of the ABWR's RIPs were employed. Homologous curves from typical Westinghouse pumps were
utilized due to the unavailability of the GE pumps curves. It's worth noting that this assumption
could be debatable, especially given that Westinghouse pumps are centrifugal while the RIPs are
mixed-flow pumps. The pumps' speed was adjusted using an integral controller to achieve the
desired primary flow rate in steady state conditions.

5.4 Final considerations

The potential power increase for a natural circulation iPWR through the implementation of
forced flow in the primary side has been preliminarily evaluated and the thermal power output has
been increased by almost a factor 5. A snapshot of the comparison between the natural and the
forced circulation versions of the reference iPWR is provided in Table 3.

Given the reduced dimensions of the core in the considered design and consequently the low
achievable burnup, such a power uprate would result in a notably short fuel cycle, necessitating an
assessment of its economic viability. One theoretically possible but challenging approach,
considering political, regulatory, and supply chain constraints, would be to increase fuel enrichment
to extend the fuel cycle length while maintaining the enhanced power output.

Furthermore, pumps features including design, location, maintenance, and cost should be
carefully evaluated. Additionally, the lift force on the core and internals is significantly heightened
compared to the natural circulation case, with core speeds increasing from 1 to 10 m/s. Moreover,
the flow-induced vibrations on the steam generator tubes would require thorough assessment.

It's also worth noting that the impact of the power uprate on safety analysis has not been
accounted for in this study. The elevated average temperature of the fuel under nominal conditions
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in forced circulation may pose challenges for the currently employed emergency safety features and
warrants further investigation.

Table 3. Comparison between relevant parameters for the reference i-PWR in natural and in
forced circulation

# Reference iPWR in NC Reference iPWR in FC
Thermal power (MWth) 160 774
Maximum integrated linear heat 11.4-3.5 55-17
generation rate (KW/m-kW/ft)

Average integrated linear heat 8.2-2.5 39.7-12.1
generation rate (KW/m-kW/ft)

Primary flow (kg/s) 586 7070
Number of primary pumps 0 4
T hot primary (* C) 313 304
Coredelta T (° C) 53 21
Subcooling at core exit (* C) 17 26
T hot secondary (° C) 311 249
Secondary side superheat (°C) 69 6
Secondary pressure (bar) 34.5 35.5
Secondary flow (kg/s) 67 480
Core delta p (bar) 0.25 2.8
Fuel cycle length (months) 24 5
6 CONCLUSIONS

A RELAP5-3D nodalization for an iPWR operating in natural circulation has been developed
and it has given satisfactory results in steady-state conditions.

Subsequently, several start-up scenarios have been analyzed and oscillations in the secondary
side at low power conditions have arisen, raising concerns for instance about structural mechanics
implications.

It’s worth noting that the performed calculations on the instabilities are just scoping
calculations and they do not claim to accurately predict frequency and amplitude of the instabilities:
in fact, many simplifications are present in the model. First of all, appropriate correlations for
pressure drops and heat transfer on both sides of HCSGs are not available in RELAP5-3D. In
addition, the secondary side boundary conditions are both arbitrary and simplified. Also, the
feedwater pumps have not been modelled, neither has the turbine. Furthermore, the bypass to the
condenser for low power is neglected as well.

In conclusion, one of the benefits of switching to forced circulation, meaning the capability to
increase the core power density and the reactor power output, has been preliminary assessed.
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It is important to acknowledge that in the case of emerging designs like iPWRs, the quality of
safety assessments falls short compared to those conducted for conventional PWRs or BWRs
(Boiling Water Reactors). This discrepancy arises from limitations in experimental data available
for ITFs (Integral Test Facilities), resulting in fewer analyzed scenarios and a smaller pool of
system code benchmarks. It is crucial to clarify that this disparity does not imply inferior safety
standards for new designs; rather, it underscores the need for enhanced validation, identification of
thermal-hydraulic phenomena, and the need for increasing confidence in the quality of safety
assessments. Additional investment is imperative to address these shortcomings.
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