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Today, considering the sustainability of the nuclear technology in the energy mix policy of developing and developed countries,
the international community starts the development of new advanced reactor designs. In this framework, Oregon State University
(OSU) has constructed, a system level test facility to examine natural circulation phenomena of importance to multi-application
small light water reactor (MASLWR) design, a small modular pressurized water reactor (PWR), relying on natural circulation
during both steady-state and transient operation. The target of this paper is to give a review of the main characteristics of the
experimental facility, to analyse the main phenomena characterizing the tests already performed, the potential transients that
could be investigated in the facility, and to describe the current IAEA International Collaborative Standard Problem that is being
hosted at OSU and the experimental data will be collected at the OSU-MASLWR test facility. A summary of the best estimate
thermal hydraulic system code analyses, already performed, to analyze the codes capability in predicting the phenomena typical of

the MASIWR prototype, thermal hydraulically characterized in the OSU-MASIWR facility, is presented as well.

1. Introduction

Today, considering the sustainability of the nuclear technol-
ogy in the energy mix policy of developing and developed
countries, the international community, taking into account
the operational experience of the nuclear reactors, starts the
development of new advanced reactor designs. Some of the
new nuclear reactor designs use passive safety systems based
on the use of the natural circulation for the cooling of the
core during the designed operational condition and for the
removing of the residual heat during transient conditions
[1-5]. Emergency systems based on natural circulation are
considered, for example, in the AP600/1000 design, WWER-
1000/V-392 and WWER-640/V-407 designs, AC-600 design,
SMART design, IRIS design, SWR 1000 MWe design, and
in the ESBWR design [4-7]. Examples of reactors that rely
on natural circulation for the removing of the core power
during normal operation are the MASLWR, the ESBWR, the
SMART, and the CAREM design [5-7].

The MASLWR integral reactor concept [1, 2, 8-13],
developed by Idaho National Engineering and Environmen-
tal Laboratory, OSU, and NEXANT—Bechtel, Figure 1, is a

small modular PWR relying on natural circulation during
both steady-state and transient operation, which includes an
integrated steam generator (SG) consisting of banks of ver-
tical helical tubes contained within the reactor pressure vessel
(RPV). The primary coolant flows outside the SG tubes and
the feed-water (FW) is fully vaporized resulting in super-
heated steam at the SG exit. The MASLWR module has a net
output of 35 MWe, and a number of modules could be built
in increments, in a “field” concept, to generate electricity in
larger electricity grids [8, 11].

OSU has constructed, under a US Department of Energy
grant, a system-level test facility, OSU-MASLWR [1, 2, 8-13],
to examine natural circulation phenomena of importance to
the MASLWR design. Four tests have been conducted in sup-
port of the MASLWR concept design verification.

Considering the thermal hydraulic phenomena simulat-
ing capability of this facility, the planned work will be not
only to specifically investigate the MASLWR concept design
further but also to advance the broad understanding of inte-
gral natural reactor plants and accompanying passive safety
features as well.
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FIGURE 1: MASLWR conceptual design layout [1, 2, 8, 11, 13].

After the completion of the first test series, through a
grant from the International Atomic Energy Agency (IAEA),
the OSU-MASLWR test facility core was reconfigured to
eliminate a recurring grounding problem and improve fa-
cility reliability [12] in anticipation of conducting an IAEA
ICSP on “Integral PWR Design Natural Circulation Flow
Stability and Thermo-hydraulic Coupling of Primary System
and Containment During Accidents” [14—16]. This ICSP is
being hosted at OSU and the experimental data will be col-
lected at the OSU-MASLWR facility, to provide experimental
data on single-/two-phase flow instability phenomena un-
der natural circulation conditions and coupled containment/
reactor vessel behavior in integral type light water reactors.

The target of this paper is to give a review of the main
characteristics of the experimental facility, to analyse the
main phenomena characterizing the tests already performed,
the potential transients, of interest for integral reactor types,
that could be investigated in the facility, and to describe the
current JAEA ICSP. A summary of the best estimate ther-
mal hydraulic system code analyses, already performed, to
investigate the codes capability in predicting the phenomena
typical of the MASLWR prototype, thermal hydraulically
characterized in the OSU-MASIWR facility, is presented as
well.

2. MASLWR Design

2.1. MASLWR Overview. The MASLWR [1, 2, 8-13],
Figure 1, is a small modular integral PWR relying on natu-
ral circulation during both steady-state and transient opera-
tions. The use of natural circulation reduces the number of
active components simplifying the configuration of nuclear
steam supply system.

The RPV contains the core, the pressurizer (PRZ), and an
integrated SG consisting of banks of vertical helical tubes
located in the upper region of the vessel outside of the hot
leg (HL) chimney. The MASLWR steady-state operating con-
ditions are reported in Table 1.

The RPV is surrounded by a cylindrical containment,
partially filled with water. This containment provides pres-
sure suppression and liquid makeup capabilities and is sub-
merged in a pool of water that acts as the ultimate heat sink.

TaBLE 1: MASIWR steady-state operating conditions [8-10].

Primary side

Reactor thermal power 150 MW
Primary pressure 7.60 MPa
Primary mass flow rate 597 kg/s
Reactor inlet temperature 491.80K
Reactor outlet temperature 544.30K
Saturation temperature 565K
Reactor outlet void fraction 0.00%
Secondary side
Steam pressure 1.50 MPa
Steam outlet quality 1
Steam temperature 481.40K
Saturation temperature 471.60 K
Feedwater temperature 310K
Feedwater flow rate 56.10 kg/s

The RPV can be depressurized using the automatic depres-
surization system (ADS), consisting of six valves discharging
into various locations within the containment. In particular
two independent vent valves (high ADS valve), two inde-
pendent depressurization valves (middle ADS valve) and two
independent sump recirculation valves are considered in the
MASIWR design.

2.2. MASLWR SBLOCA Phenomenology Description. Con-
sidering the MASILWR integral arrangement, there are not
pressurized primary components outside the RPV; therefore
the possibility of large-break loss of coolant accident (LOCA)
is eliminated and the small-break LOCA (SBLOCA) initiat-
ing events are reduced. Of particular interest is the SBLOCA
passive mitigation strategy typical of the MASLWR design.
Following, for example, an inadvertent opening of an
ADS valve, a primary side blowdown into the pressure sup-
pression containment takes place. The RPV blowdown caus-
es a primary pressure decrease and a consequent contain-
ment pressure increase causing a safety injection signal. It
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FIGURE 2: OSU-MASLWR experimental facility photo [1, 2, 13].

automatically opens, Figure 1, the high ADS valves, the mid-
dle ADS valves, and the sump recirculation valves. As the pri-
mary and the containment pressures become equalized, the
blowdown is terminated and a natural circulation flow path
is established. In fact when the sump recirculation valves are
opened, the vapour produced in the core goes in RPV upper
part and, through the high ADS valve, goes to the contain-
ment where it is condensed. At this point through the sump
recirculation lines and the downcomer, the fluid goes to the
core again. The pressure suppression containment is sub-
merged in a pool that acts as the ultimate heat sink. This
mechanism permits the cooling of the core during the tran-
sient [8-11].

3. Description of the OSU-MASIWR Facility

3.1. OSU-MASLWR Test Facility. In the development process
of advanced nuclear reactors, the analysis of single- and two-
phase fluid natural circulation in complex systems [5, 10, 17—
19], under steady-state and transient conditions, is crucial
for the understanding of the physical and operational phe-
nomena typical of these advanced designs characterized by
the interaction between different parts of the system. The use
of experimental facilities is fundamental in order to char-
acterize the thermal hydraulics of these phenomena and to
develop an experimental database useful for the validation of
the computational tools necessary for the operation, design,
and safety analysis of nuclear reactors.

In general it is expensive to design a test facility to devel-
op experimental data useful for the analyses of complex
system; therefore reduced scaled test facilities are in general
used to characterize them. Since the experimental data
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FiGgure 3: RPV internal components [1, 2, 11, 13].

produced have to be applicable to the full-scale prototype,
the geometrical characteristics of the facility and the initial
and boundary condition of the selected tests have to be cor-
rectly scaled. Since possible scaling distortions are present in
the experimental facility design, the similitude of the main
thermal hydraulic phenomena of interest has to be assured
permitting their accurate experimental simulation [10, 11,
18, 19].

OSU has constructed, under a US Department of Energy
grant, a system-level test facility to examine natural circu-
lation phenomena of importance to MASLWR design. The
scaling analyses of the OSU-MASLWR experimental facility
was performed in order to have an adequate simulation of the
single- and two-phase natural circulation, reactor system de-
pressurization during a blowdown and the containment
pressure response typical of the MASLWR prototype. The
model used for the scaling analyses performed in [9, 10] is
partly drawn from the USNRC’s Severe Accident Scaling
Methodology (SASM) presented in NUREG/CR-5809 [19].
The detailed OSU-MASLWR scaling analyses is reported in
[9, 10].

As a result of the scaling analyses, the OSU-MASLWR test
facility [8-13, 18, 19], shown in Figure 2, is scaled at 1:3
length scale, 1:254.7 volume scale, and 1:1 time scale, is
constructed entirely of stainless steel, and is designed for full
pressure and full temperature prototype operation. It in-
cludes the primary circuit, consisting of the RPV and ADS
lines, the secondary circuit, and the containment structures.
In addition to the physical structures that comprise the test
facility, there are data acquisition, instrumentation, and con-
trol systems. Auxiliary lines and systems are present in the
facility.

3.2. OSU-MASLWR RPV Overview. The internal compo-
nents of the RPV [1, 2, 8-13], Figure 3, are the core, the HL
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FIGURE 5: Auxiliary flow hole blockage by core shroud [12].

riser, the upper plenum (UP), the PRZ, the SG primary side,
the cold leg (CL) downcomer, and the lower plenum (LP).
The core is modelled with 56 cylindrical heater rods. A
lower core flow plate is located at the core entrance and is
shown in Figure 4. The core is shrouded to ensure all flow en-
ters the core via the bottom and travels the entire heated
length and to separate the downcomer region from the core
region. The core shroud is shaped to partially block the
primary coolant flow through the outermost auxiliary flow
holes in order to ensure that each heated rod receives approx-
imately equal axial coolant flow, as shown in Figure 5. The
amount of blockage is dependent on the number and loca-
tion of heated rods adjacent to each auxiliary flow hole. The

shaded area, Figure 5, indicates where core shroud blocks
flow through auxiliary flow holes. A core grid wire, located
at core midelevation, is considered in order to maintain the
radial alignment of the core rods, Figure 6.

The HL riser, Figure 3, consists of a lower region, an up-
per region, and a cone transition region. The UP is separated
from the heated upper PRZ section by a thick baffle plate
having eight holes, spaced uniformly around the baffle plate
periphery, which allow free communication of the PRZ to the
remainder of the RPV during normal operation and for vol-
ume surges into and/or out of the PRZ due to transients. The
PRZ is integrated in the RPV and is located in its upper part.
In the PRZ are located heater elements, which are modulated
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FIGUure 6: Photo of core shroud showing lower core flow plate
behind the core grid wires [12].
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FiGURE 7: Helical coil SG bundle [13, 20].

by the test facility control system to maintain nominal prima-
ry system pressure at the desired value. The CL downcomer
region is an annular region bounded by the RPV wall on the
outside and the HL riser on the inside, and the flow area
reduces at the HL riser cone. In the SG primary side section is
inserted the SG helical coil bundle, Figure 7. The entire RPV
is covered by Thermo-12 hydrous calcium silicate insulation.

3.3. OSU-MASLWR Secondary Side Overview. The second-
ary circuit [1, 2, 8-13] includes the FW treatment and storage
system, the main FW pump (MFP), the main FW (MFW)
system supply lines, the SG secondary side internal to the ves-
sel, the main steam (MS) system, and associated FW and
steam valves.

Potable water, coming from the city water supply, passes
through a mechanical filter and a resin bed to remove impu-
rities and flows to the FW storage tank. The MFW system
supplies deionized and demineralized water to the SG. The
MEFP is a positive displacement pump and can be isolated
from the downstream main FW system supply lines by pneu-
matic motor operated globe valve MF-508 (FW supply
valve). The MFP controller is interlocked with the MFP

discharge isolation valve MF-508 position, to ensure that the
MEFP is not energized unless MF-508 is fully open. The single
MFW line splits into three supply lines, one for each coil bank
of SG tubes.

The SG of the facility is a once through heat exchanger
and is located within the RPV in the annular space between
the HL riser and the inside surface of the RPV. The tube
bundle, Figure 7, is a helical coil consisting of fourteen tubes.
There are three separate parallel coils of stainless steel tubes.
The outer and middle coils consist of five tubes each while the
inner coil consists of four tubes. Each coil is joined at a com-
mon inlet header and each of them exhausts the superheated
steam into a common steam drum from where it is subse-
quently exhausted to atmosphere via the MS system. The FW
enters at the bottom of the SG and boils off after travelling a
certain length in the SG. This boil-off length is a function of
both core power and MFW flow rate. Nominally, the boil-off
length is approximately 40% shorter than the actual length
of the SG tubes so the steam will leave the SG superheated.
The value of the degree of the steam superheat is changed in
order to control the facility.

The steam received in the SG steam drum goes to the MS
line, Figure 8, and that exhausts the SG superheated steam to
atmosphere. A pneumatic motor operated globe valve MS-
502 (MS header drain line isolation valve) is immediately
downstream of the SG steam drum. Another motor operated
globe valve, MS-503 (MS header isolation valve), isolates the
MS header from the steam header drain line. In order to have
always an open discharge for the SG, the MS-502 and MS-503
are interlocked to prevent them both from being simultane-
ously commanded shut.

3.4. OSU-MASLWR Containment Structures Overview.
The OSU-MASILWR containment structures [1, 2, 8-13],
Figure 9, consist of two vessels, a high-pressure containment
vessel (HPC) and a cooling pool vessel (CPV), with a heat
transfer surface between them to establish the proper heat
transfer area. The HPC simulates the containment structure
in which the MASLWR RPYV sit and the CPV simulates the
cavity within which the MASLWR containment structure is
located.

The HPC consists of a lower cylindrical section, an eccen-
tric cone section, an upper cylindrical section, and a hemi-
spherical upper-end head. The entire HPC is covered by
Thermo-12 hydrous calcium silicate insulation.

The CPV consists of a right cylindrical tank covered by
Thermo-12 hydrous calcium silicate insulation. One disk
rupture connects the HPC and the CPV.

The heat transfer plate, having the same height of the
HPC without the hemispherical head, provides the heat con-
duction between the HPC and CPV. The heat transfer plate
is scaled in order to model the heat transfer area between the
MASLWR design high-pressure containment vessel and the
cooling pool in which it sits.

For scaling reasons, in order to have an adiabatic bound-
ary condition in all the wall of the HPC except through the
heat transfer plate wall, where the condensation has to take
place, containment heaters have been installed permitting the
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heat transfer takes place only between the CPV and HPC
containment. These heaters are located in the exterior surface
of the HPC, under the insulation, and above the containment
water level.

3.5. OSU-MASLWR ADS Lines Overview. The two middle
ADS lines, two high ADS lines, and the two ADS sump recir-
culation lines are modelled separately [1, 2, 8—13]. Figure 10
shows the schematic diagram of the OSU-MASLWR RPYV,
ADS lines, and containment structures.

The ADS sump recirculation lines are horizontally ori-
ented and connect the RPV lower CL to the HPC. A pneu-
matic motor operated globe valve is located in each line.
Downstream from each isolation valve is a transition piece
with an internal square-edge orifice. These two lines enter
the HPC, penetrate it, and then turn downward before ter-
minating below the HPC waterline. No sparger is considered
for these lines.
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The middle ADS lines are horizontally oriented and con-
nect the RPV CL to the HPC. A pneumatic motor-operated
globe valve is located in each line. Downstream from each
isolation valve is a transition piece with an internal square-
edge orifice. These two lines enter the HPC, penetrate it, and
then turn downward before terminating below the HPC wa-
terline. A sparger is considered at the end of this line.

The high ADS lines are horizontally oriented and connect
the RPV PRZ steam space with the HPC. A pneumatic motor
operated globe valve is located in each line. Downstream
from each isolation valve is a transition piece with an internal
square-edge orifice. The two ADS vent lines enter the HPC
above the waterline, penetrate it, and then terminate with a
sparger.

3.6. OSU-MASLWR Data Acquisition and Control Subsystem
Overview. The data acquisition and control system [1, 2, 8
13] consist of various field input/output modules, a pro-
grammable logic controller module, and a desktop computer.
The data acquisition and control subsystem process input
signals from system components, generate control signals as
determined by the control logic, and apply those control sig-
nals to applicable system components. The operator can
monitor parameters and alarms in the main control screen,
via a graphical user interface as it is shown in Figure 11.

Individual system component operation algorithms are
considered in the facility. The PRZ heaters, for examples, can
be operated manually or in automatic mode. In automatic
mode, in order to control the primary pressure, the operator
fixes the primary pressure set point and the control system,
by using a proportional integral differential methods, and ad-
justs the heater controller electrical output. The core heaters,
for example, can be operated in manual mode, constant
power mode, or decay mode. In decay mode the core power
follows a user specify curve.

4. OSU-MASIWR Testing Program

The first tests conducted in the OSU-MASLWR facility [8—
13] were in support of the MASIWR concept design veri-
fication. Table 2 shows, in chronological order, the type of
test already conducted in the facility. During this test pro-
gram, the MASLWR normal startup, the operation, and its
shutdown are thermal hydraulically demonstrated.

4.1. OSU-MASLWR-001 Description. The purpose of the test
OSU-MASIWR-001 [1, 8-13], a design basis accident for
MASLWR concept design, is to determine the behavior of the
RPV and containment pressure following an “inadvertent ac-
tuation of one middle ADS valve” located below the HPC
and RPV water level. The test successfully demonstrated the
thermal hydraulic behavior of the MASIWR design during
the transient sequence following this design basis event.
Following the inadvertent middle ADS actuation, the
blowdown of the primary system takes place. A subcooled
blowdown characterized by a fast RPV depressurization takes
place after the start of the transient (SOT). A two-phase
blowdown occurs when the differential pressure, at the break
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TaBLE 2: Summary of the previous OSU-MASLWR testing program [8, 11, 13].
ADS line configuration
Name of the test Type of test Middle Middle High High Su@p Sufnp
ADS 1 ADS2 ADS 1 ADS2 Recirc 1 Recirc 2
(%) (%) (%) (%) (%) (%)
Inadvertent actuation of 1 Failed
OSU-MASLWR-001 submerged ADS valve. Shut 100 100 100 100 100
OSU-MASLWR-002 Natural circulation at core N/A N/A N/A N/A N/A N/A
power up to 210 kW.
Natural circulation at core
power of 210 kW.
(Continuation of test 002, Failed
OSU-MASIWR-003A establishing the initial Shut N/A N/A N/A N/A N/A
conditions for the 003B
test.)
Inadvertent actuation of 1 Failed Failed
OSU-MASLWR-003B high-containment ADS Shut 100 Shut 100 100 100

valve

location, results in fluid flashing. A choked two-phase flow
condition prevails, and a decrease in depressurization rate
of the primary system is experimentally observed. When the
PRZ pressure reaches saturation, single-phase blowdown
occurs, and the depressurization rate increases. The primary
and HPC pressure are shown in Figure 12.

At 539 s after the SOT, the pressure difference between the
RPV and the HPC reaches a value less than 0.517 MPa, one

of the high ADS valve is opened and, with approximately 10's
of delay, the other high ADS valve is opened equalizing the
pressure of the primary and HPC system.

At 561 s after the SOT, the pressure difference between the
RPV and the HPC reaches a value less than 0.034 MPa, one
sump recirculation valve is opened, and, with approximately
10s of delay, the other sump recirculation valve is opened
terminating the blow-down period and starting the refill
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Figure 12: RPV and HPC pressure behaviour during the OSU-
MASLWR-001 test (the Psat, saturation pressure, is based on the
temperature at the core outlet) [8, 11].

period. The refill period takes place for the higher relative
coolant height in the HPC compared to the RPV. Figure 13
shows the RPV level evolution experimentally detected dur-
ing the test. The RPV level water never fell below the top of
the core during the execution of the test 1. Figure 14 shows
the HPC level during the test.

During the saturated blowdown period, the inlet and the
outlet temperature of the core are equal to each other as-
suming the saturation temperature value. A core reverse flow
and a core coolant boiling off at saturation are present in the
facility during this period. When the refill takes place, the
core flow normal flow direction is restarted and a delta T
core is observed depending on the refill rate and core power,
Figure 15.
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Figure 14: HPC level behaviour during the OSU-MASLWR-001
test [21, 22].

When the refill of the reactor takes place, the level of the
coolant reaches the location of the flow rate HL measurement
point; therefore an increase of the RPV flow rate is detected
for this phenomenon, Figure 16.

4.2. OSU-MASLWR-002 and 003A Description. The test
OSU-MASIWR-002 and OSU-MASLWR-003A [1, 8-13]
investigated the primary system flow rates and secondary side
steam superheat for a variety of core power levels and FW
flow rate. Table 3 shows the OSU-MASLWR-002 and OSU-
MASLWR-003A test conditions.

The OSU-MASILWR-002 stepped power level incremen-
tally up to 165 kW, varying FW flow rate at each power level.
Since the 210 kW data in OSU-MASLWR-002 was not used,
because of liquid carryover in the SG, the OSU-MASLWR-
003A was an extended 210 kW steady test establishing ini-
tial conditions for the following test OSU-MASLWR-003B.
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TaBLE 3: OSU-MASLWR-002 and OSU-MASLWR-003A test conditions [8, 11, 12].
Test Primary Secondary
Start time Endtime Core power  T.in T_out Flow Vel T.in T_out P Feedwater
(s) (s) (kW) (K) (K) (L/min) (m/s) (K) (K) (MPa) (kg/min)
0 127 80.0 489 506 65.6 0.13 292 482 1.41 1.13
250 550 100.0 491 509 77.9 0.16 292 488 1.40 1.81
750 1200 100.0 490 508 80.0 0.16 292 494 1.38 2.14
002 1380 1570 100.0 486 505 81.9 0.17 292 494 1.37 2.50
1670 1920 110.0 483 503 84.9 0.17 292 493 1.36 2.49
2060 2250 125.0 482 503 88.5 0.18 292 493 1.35 2.50
2450 2600 160.0 481 505 104.1 0.21 292 488 1.36 3.85
2700 2930 165.0 478 503 105.0 0.21 293 482 1.35 3.83
003A 0 450 210.0 501 528 118 0.24 293 507 1.581 4.14
550 1000 210.0 499 526 120 0.24 293 509 1.567 4.56
' T ' T ' x1073
540 — |
3 . , . , .
__ 510 - E
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£ 480 zr 7
2 g
£ s | |
2 g
450 >
2
= 1 —
420 - -
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FiGure 15: Inlet/outlet core temperature behavior during the OSU-
MASLWR-001 test [8].

During these two tests, seven different core powers were used
as well as nine different FW flow rates. Figures 17 and 18
show the inlet, outlet core, and top of the HL temperature
behaviour for the OSU-MASLWR-002 and OSU-MASLWR-
003A test, respectively.

In general the value of the degree of the steam superheat
is changed in order to control the facility. Since the slope
of the MS superheat curve increases if the value of the core
power increases and decreases if the value of the FW flow
rate increases, the target of these tests was to acquire primary
system flow rate and secondary side steam superheat for dif-
ferent core power and FW flow rate. The difference between
the MS saturation temperature and the measured MS tem-
perature is used to estimate the value of the MS superheat.
Figures 19 and 20 show the steam superheat data for the test
OSU-MASLWR-002 and 003A test, respectively. Figure 21
shows the difference of fluid temperature at the inlet of the
core and at the exit of the SG primary side for the OSU-
MASIWR-002 test. By analyzing the experimental data,

—— RPV _flow_rate_001

FiGure 16: RPV flow rate behavior during the OSU-MASLWR-001
test [8].

related to the flow temperature after the SG coils primary side
section and the core inlet temperature, it is evident that the
direct heat exchange, through the internal shell, between the
fluid ascending the HL and the fluid descending the CL, is
a crucial parameter for the evaluation of the core inlet tem-
perature and, therefore, the core outlet temperature. In fact,
the experimental data show that, along the downcomer re-
gion, the fluid increases its temperature between the end of
the SG primary side section and the core inlet [13].

4.3. OSU-MASLWR-003B Description. The normal opening
sequence used in the MASIWR for the ADS valves is the
middle lines first, then the high lines, and finally the sump
recirculation lines [8—13]. This sequence minimizes the rise
in containment pressure since a large fraction of the energy
transferred to the containment is direct into the subcooled
containment coolant. However, if the high lines are actuated
first, the rise in containment pressure will be larger than
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FIGURE 17: Inlet, outlet core, and top of the hot leg temperature
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FIGURE 18: Inlet, outlet core, and top of the hot leg temperature
behavior during the OSU-MASLWR-003A test [8].

the previous one, and, anyway, the chocked flow in the high
containment line will limit the rate at which the containment
and RPV pressure equalize.

Therefore the purpose of the test OSU-MASLWR-003B
is to acquire the pressure transient in the containment and
the primary system during the “inadvertent actuation of one
high containment ADS valve.” This test represents a beyond
design basis accident scenario for the MASLWR and thermal
hydraulically characterizes the RPV/containment coupling
and containment vessel condensation behavior during this
kind of transient. During the test, core power is zero and
there is not preheating of the containment noncondensation
surface areas.

When the high ADS valves open, the pressure equaliza-
tion of the primary side and containment starts, but it is
limited by the chocked flow condition at the ADS nozzles.
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FIGURE 19: Steam superheat behavior during the OSU-MASLWR-
002 test [11].
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FIGURE 20: Steam superheat behavior during the OSU-MASLWR-
003A test [11].
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Figure 21: Difference of fluid temperature at the inlet of the core

and at the exit of the SG primary side during the OSU-MASLWR-
002 test [13, 22].
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Figure 23: Containment condensation plate wall temperatures
behavior during the OSU-MASIWR-003B (8, 11].

The upper part of the HPC is filled with the steam, coming
from the primary side, where condensing transfers energy to
the CPV. The analyses of the experimental data show that
the HPC pressure reaches a maximum at 21.15 bar at 185s
after the SOT. Figure 22 shows the RPV and HPC pressure
behaviour.

Since the preheating of the containment noncondensa-
tion surface is not considered during the transient, an adi-
abatic boundary condition in all the wall of the HPC except
through the heat transfer plate wall is not maintained; there-
fore a small distortion at the beginning of the transient is
present during the test.

The thermocouples measuring the water temperature
located inside the HPC near the heat transfer plate reach
quickly the saturation temperature, Figure 23. Since the HPC
liquid level reaches about 3.7 m, when the lower thermo-
couples are submerged, they drop at the liquid temperature,
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FiGure 24: HPC liquid level behaviour during the OSU-MASLWR-
003B test [8].
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FiGure 25: Experimental data versus RELAP5/MOD3.3, RELAP5-
3D, and TRACE code calculations for primary system pressure
behaviour of the OSU-MASIWR-001 test [23].

Figure 24. The RPV level water never fell down the upper
part of the core during the execution of the test 003B.

5. Code Analyses Performed

Different computer codes have been developed to character-
ize two-phase flow systems, from a system and a local point of
view [1]. Accurate simulation of transient system behavior of
a nuclear power plant or of an experimental test facility is the
goal of the best estimate thermal hydraulic system codes. The
evaluation of a code’s calculation accuracy is accomplished
by assessment and validation against appropriate system data
developed either from a running system prototype or from a
scaled model test facility and characterizes the thermal hy-
draulic phenomena during both steady-state and transient
conditions [1, 2, 13, 21-23, 27, 28].
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FIGURE 27: Experimental data versus TRACE V5 code calculations
for fluid temperature at the core outlet/inlet of the OSU-MASLWR-
002 test [1] (P1 = calculation performed with the TRACE V5 patch
01; P2 = calculation performed with the TRACE V5 patch 02; P2_HL
calculation performed with the TRACE V5 patch 02 increasing the
heat losses of the TRACE model).

In this framework, different analyses have been per-
formed [1, 2, 13, 21-24, 27, 28], in order to analyze the capa-
bility of the best estimate thermal hydraulic system codes to
predict the phenomena typical of the MASIWR prototype
and their implication to its operation, thermal hydraulically
characterized in the OSU-MASLWR test facility. All the
previous tests have been analyzed by using different best
estimate thermal hydraulic system code. In general the OSU-
MASIWR test facility nodalizations qualification process is
still in progress, considering the facility experimental char-
acterization distributed in the framework of the previously
mentioned IAEA ICSP [14-16, 20].
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OSU-MASIWR-002 test [13]. (REF = SG coils modelled with three
different “equivalent” oblique group of pipes in order to simulate
the three separate parallel coils of tubes; SEN1 = SG coils modelled
with three different “equivalent” vertical group of pipes; SEN2 = SG
coils modelled with only one “equivalent” vertical group of pipes).

5.1. Code Analyses of the OSU-MASLWR-001 Test. The analy-
sis of the OSU-MASLWR-001 test, performed by using
RELAP5/MOD3.3, RELAP5-3D, and TRACE [23], shows
that the codes are able to qualitative predict primary/con-
tainment coupling phenomena characterizing the test. The
subcooled, saturated, and single-phase blowdown is predict-
ed by the codes. The refill of the core, permitting its cooling,
is predicted as well. The results of the calculated data show
a general overprediction compared with the experimental
data. It is thought that this could be due to a combination of
selection of vent valve discharge coefficients and condensa-
tion models applied to the inside surface of the containment
[23]. The pressure behaviour of the RPV predicted by these
codes is reported in Figure 25. Different update analyses have
been developed by using the TRACE code and reported in [1,
21, 22]. Figure 26 shows the experimental data versus code
calculations for primary system level for the OSU-MASLWR-
001 test predicted by the TRACE code [1].

5.2. Code Analyses of the OSU-MASLWR-002 Test. The analy-
ses of the OSU-MASLWR-002 test, developed by using
TRACE [1, 13, 21, 22, 27, 28], show that the TRACE code is
able to qualitatively predict natural circulation phenomena
and heat exchange from primary to secondary side by helical
SG in superheated condition. An overestimation of the inlet/
outlet core temperature, Figure 27, is predicted by the code.
One of the reasons could be an underestimation of the helical
coil heat transfer coefficient during the different phases of the
transient.

The subcooled, saturated, and superheated regions of
the SG secondary side are predicted by the code resulting
in steam superheat at the SG exit, Figure 28. Figure 29, de-
veloped by using the symbolic nuclear analysis package
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test (2605 s after SOT), developed by using SNAP [1].
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TRACE V5 patch 02 increasing the heat losses of the TRACE model).

(SNAP), shows the fluid temperature profile, calculated by
TRACE code, along the entire natural circulation loop. A
detail of the fluid temperature profile along the inner helical
coil cells and the fluid temperature profile along the SG pri-
mary side section are shown as well. From this figure, it is
possible to identify the subcooled, saturated, and superheat
region, of the inner equivalent helical coil. In agreement with

the experimental data, the steam will leave the SG super-
heated.

The analyses of the TRACE calculated data show that one
of the reasons of the instability of the superheat condition of
the fluid at the outlet of the SG, already observed in [27], is
the equivalent SG model used to simulate the different group
of helical coils. In particular, if the helical coils are modelled
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FiGure 32: Experimental data versus RELAP5-3D code calculations
for the RPV and HPC pressure behaviour of the OSU-MASLWR-
003B [24].

by only one “equivalent” vertical tube, a more stable fluid
temperature at the outlet of the helical tubes is predicted
by the code. The model with three different oblique or ver-
tical tubes needs more investigations, in order to study the
possible instability conditions predicted by the code [13].

Previous PRZ pressure discrepancies, Figure 30, predic-
ted by the TRACE V5 patch 01, are now not predicted by the
patch 02 that shows, in general, a more stable prediction of
PRZ pressure and level [1].

TRACE model heat losses and pressure drop calibration
against an experimental characterization is necessary, as it is
reported in [1, 13], in order to quantitatively evaluate the

6. Activity Related to the OSU-MASLWR Facility

6.1. Phenomena Simulating Capability of the Facility. The
purpose of the OSU-MASLWR test facility is to assess the
prototypical MASLWR under normal operation conditions
and to assess the passive safety systems under transient con-
ditions. To this end, as said before, four tests were conducted
[8-13].

The planned work of OSU, related to the OSU-MASLWR
test facility, will be of value not only to specifically investigate
the MASLWR concept design further but advance the broad
understanding of integral natural circulation reactor plants
and accompanying passive safety features as well. Topics of
interest for integral reactor plants, which could be investi-
gated in the OSU-MASIWR test facility, are flow stability
under normal and transient conditions, the coupled con-
tainment-reactor vessel depressurization, and the emergency
cooldown.
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In relation to the flow stability analyses, issues of interest
are, for example, the investigation of primary flow rate versus
heater power as a function of inlet subcooling, primary sys-
tem pressure, and rate of heat removal by the SG; an investi-
gation of primary loop fluid flow rate and its stability during
long-term postaccident cooling conditions; an investigation
of primary fluid flow stability during start up, maneuvering
and shutdown transients.
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In relation to the coupled containment-reactor vessel de-
pressurization and emergency cooldown, issues of interest
are, for example, a parametric investigation of the contain-
ment pressure behaviour and containment condensation
during an automatic depressurization of the RPV; the anal-
yses of the cooldown capability of the containment-reactor
vessel coupling system by the helical coil SG; a parametric
investigation of containment-reactor vessel pressure behav-
iour and containment condensation during a SBLOCA with
or without the SG cooldown of the containment-reactor
vessel coupled system.

Different parametric studies could be executed in the fa-
cility if its modifications are taken into account. An inves-
tigation of primary loop fluid flow rate and its stability as
a function of heater power for various loop resistance con-
dition, if through facility modification the loop resistance
changes, could be of interest. By including in the facility a
gravity FW tank, it is possible to study a parametric inves-
tigation of containment condensation and pressure behavior
during a SBLOCA with a cooldown of the coupled contain-
ment-primary system using gravity-driven FW flow to the
helical coil SG.

Considering the potential phenomena that could be
investigated in this facility, an IAEA ICSP on “Integral PWR
Design Natural Circulation Flow Stability and Thermo-hy-
draulic Coupling of Primary System and Containment Dur-
ing Accidents” is being hosted at OSU, and the experimental
data will be collected at the OSU-MASLWR facility. The pur-
pose of this IAEA ICSP is to provide experimental data on
single-/two-phase flow instability phenomena under natural
circulation conditions and coupled containment/reactor ves-
sel behavior in integral-type light water reactors.

6.2. OSU-MASLWR Test Facility Core Modification Descrip-
tion. After the completion of the first test series, through a
grant from the IAEA, the OSU-MASLWR test facility core
was reconfigured [12] to eliminate a recurring grounding
problem and improve facility reliability in anticipation of
conducting the previous mentioned IAEA ICSP.

Figure 33 shows a sketch of original core design heater
installation. The heater on the left is shown prior to seating
into the lower heater plate. On right is view of an installed
heater, indicating region of susceptibility of the electrical
leads due to heat from the seal welding process.

Figure 34 shows a sketch of modified core design heater
installation. The heater rod shroud on the left is inserted into
the lower heater plate and seal welded prior to heater inser-
tion from the bottom. On right is view of installed heater,
held in heater shroud cavity by heater retainer plate.

Although a relatively minor modification to a complex
and highly capable facility, both the availability for high
power and rapid transient natural circulation phenomenol-
ogy testing as well as the spectrum of operating transients
that can be investigated using the test facility have been great-
ly improved [12, 15].

6.3. IAEA International Collaborative Standard Problem on
OSU-MASLWR. In September 2006, a MASLWR Natural
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FIGURE 35: OSU-MASIWR test facility process and instrumentation diagram [20].

FIGURE 36: Photo of variable-position throttle valve located at the
entrance of each helical coil.

Circulation Standard Problem Working Group was formed
within the TAEA Coordinated Research Project (CRP) on
Natural Circulation Phenomena, Modelling, and Reliability
that Utilize Natural Circulation. Its purpose is to provide
experimental data on flow instability phenomena under nat-
ural circulation conditions and coupled containment/reactor
vessel behavior in integral-type reactors. A thermal hydraulic
design test, ICSP test 1, involving a stepwise reduction in
primary mass inventory of the facility while operating at

reduced power (decay power), and an integral system safety
test, ICSP test 2, involving a loss of FW transient with sub-
sequent ADS blowdown and long-term cooling will be exe-
cuted. These data can be used to assess computer codes for
reactor system design and analysis. The ICSP is being hosted
at OSU, and the experimental data will be collected at the
OSU-MASIWR [1, 2, 14-16].

During the ICSP test 1, twelve different primary side wa-
ter levels will be investigated. A valve located in the draining
line of the facility is opened in order to drain the facility to
fixed primary level set points. Following the ICSP specifica-
tion each step is maintained for approximately 45 minutes in
order to reach steady-state conditions. The inventory will not
be reduced more than the 35% in order to prevent the core
from becoming uncovered. The main target of this test is to
examine the effect of mass inventory reduction on natural
circulation flow rate in the small integral PWRs providing
data on single-/two-phase flow instability phenomena.

The main target of the ICSP test 2 is to provide data on
containment/reactor vessel behavior in integral-type light
water reactor by examining the blow-down transient into the
containment in a small integral PWR as a results of nor-
mal ADS opening and the subsequent long-term cooling
phase using the sump natural circulation. Considering the
maximum HPC operating pressure, different actions for the
ADS valves are taken into account.

The ICSP will be conduct in three different phases: a
“double blind phase,” a “blind phase,” and a “open phase.”
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During the “double blind phase,” the ICSP tests have not
been performed yet, and only test procedures with the spec-
ification boundary and initial condition are available at the
ICSP participation. Then the ICSP participant will submit
the so-called “double blind calculations.” During the “blind
phase,” the test will be already conducted and only some se-
lected real initial and boundary conditions will be available
at the ICSP participants. Then the ICSP participants will
submit the “blind calculations.” At the end, the experimental
data will be disclosed to the ICSP participant that will submit
the “open calculation.”

A detailed updated OSU-MASLWR test facility process
and instrumentation diagram, distributed in the ICSP
framework, is reported in the Figure 35. Figure 36 shows a
photo of the variable-position throttle valve located at the
entrance of each helical to allow to increase the pressure drop
of the different helical coil in order to increase the stability of
the circuit and to close some coils.

A TRACE model developed to participate at the IAEA
ICSP is shown in Figure 37 [26]. An animation model, devel-
oped by using SNAP, is shown in Figure 38 and represents the
fluid condition configuration of the facility before the SOT of
the ICSP test 1 [2, 25, 26].

7. Conclusions

Oregon State University has constructed a system-level test
facility to examine natural circulation phenomena of impor-
tance to MASLWR, a small modular integral PWR relying on
natural circulation during both steady-state and transient
operation.

Four tests have been conducted, in support of the
MASIWR concept design verification, in the experimental
facility. The MASLWR normal startup, the operation, and its
shutdown are thermal hydraulically demonstrated. The be-
havior of the RPV and containment and their coupling is
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thermal hydraulically demonstrated during a design basis
accident test, “inadvertent actuation of one middle ADS valve”
(OSU-MASILWR-001), and during a beyond design basis
accident test, “inadvertent actuation of one high containment
ADS valve” (OSU-MASLWR-003B). During these two tests,
the RPV level never fell below the top of the core.

Since the degree of the steam superheat is changed in
order to control the facility, the primary system flow rates
and secondary side steam superheat for a variety of core
power levels and FW flow rate were collected in the OSU-
MASLWR-002 and 003A test.

Currently, considering the phenomena simulating capa-
bility of this facility, an IAEA ICSP on “Integral PWR Design
Natural Circulation Flow Stability and Thermo-hydraulic
Coupling of Primary System and Containment During Acci-
dents” is being hosted at OSU and the experimental data will
be collected at the OSU-MASLWR facility, to provide exper-
imental data on single-/two-phase flow instability phenom-
ena under natural circulation conditions and coupled con-
tainment/reactor vessel behavior in integral-type light water
reactors.

Different analyses have been performed in order to ana-
lyze the capability of the best estimate thermal hydraulic sys-
tem codes to predict the phenomena typical of the MASLWR
prototype and their implication to its operation, thermal
hydraulically characterized in the OSU-MASLWR facility. All
the previous tests have been analyzed by using different best
estimate thermal hydraulic system code. The results of the
calculated data show that the selected best estimate thermal
hydraulic system codes are in general able to qualitatively
predict the phenomena typical of the MASLWR prototype
design as the single- and two-phase natural circulation, the
heat exchange from primary to secondary side by helical SG
in superheated condition and primary/containment coup-
ling. Considering the potential phenomena that can be in-
vestigated in the facility, the experimental data developed
during the IAEA ICSP tests will be useful for the assessment
of the thermal hydraulic codes for reactor system design and
analysis of integral-type light water reactor.

In order to quantitatively evaluate the capability of these
codes to simulate the OSU-MASLWR phenomena, and
therefore use the calculated data for the code assessment, is
necessary a code nodalization qualification against several
facility operational characteristic like pressure drop at differ-
ent primary mass flow rates and heat losses at different pri-
mary side temperatures. These experimental characteriza-
tions are currently under development in the ICSP frame-
work.

Since the MASLWR prototype is the basis for the NuS-
cale, Inc. reactor, the OSU-MASLWR experimental facility
will be useful for the NuScale testing for safety and operation
[29].

Abbreviations

ADS: Automatic depressurization system

AP600/1000: Advanced plant 600/1000 MWe

CAREM: Natural circulation-based PWR being
developed in Argentina
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CL: Cold leg
CRP: Coordinate research project

ESBWR:  Economic simplified boiling water reactor

FW: Feedwater

HL: Hot leg

HPC: High-pressure containment

TAEA: International Atomic Energy Agency

ICSP: International  Collaborative  Standard
Problem

IRIS: International Reactor Innovative and Se-
cure

LOCA: Loss of coolant accident

LP: Lower plenum

MFW: Main feed water

MASLWR: Multi-application small light water reactor
MS: Main steam

OSU: Oregon State University

PRZ: Pressurizer

PWR: Pressurized water reactor

RPV: Reactor pressure vessel

SASM: Severe accident scaling methodology
SBLOCA: Small-break LOCA

SG: Steam generator

SOT: Start of transient

SMART:  System integrated modular advanced reac-
tor

SNAP: Symbolic nuclear analysis package

SWR-1000: Siedewasser reaktor, 1000 MWe

TRAC: Transient reactor analysis code

TRACE:  TRAC/RELAP advanced computational
engine

UP: Upper plenum

USNRC:  US Nuclear Regulatory Commission

WWER:  Water moderate, water-cooled energy reac-
tor.
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