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ABSTRACT

The scientific design of the scaled facility called Purdue University Multi-Dimensional
Integral Test Assembly (PUMA) has been carried out under the project "Confirmatory
Integral System Testing for GE SBWR Design". The design was based on the three level
scaling method developed for this task. The first level of scaling is based on the well esta-
blished approach obtained from the integral response function, namely, the integral scaling.
This level insures that the steady-state as well as dynamic characteristics of the loops are
scaled properly. The second level scaling is for the boundary flow of mass and energy
between components. This insures that the flow and inventory are scaled correctly. The
third level of scaling is focused on the key local phenomena and constitutive relations. The
facility has 1/4 height and 1/100 area ratio scaling. This corresponds to the volume scale of
1/400. The power scaling is 1/200 based on the integral scaling. The time will run twice fas-
ter in the model as predicted by the present scaling method. The PUMA is scaled for full
pressure and is intended to operate at and below 150 psia following scram. The facility
models all the major components of SBWR, safety and non-safety systems of importance to
the transients. The model component designs and detailed instrumentations are presented in
this report.
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Flow area scale

Cross-sectional area [m?]

Biot number (Eq. 5.19)
Distribution parameter (Eq. 5.109)
Concentration of noncondensables
Specific heat [J/kg-C]

Diameter [m]

Mass diffusion coefficient of steam through air
Euler number (Eq. 5.84)

Energy [J]

Vapor latent heat flux [J/m?)
Friction number (Eq. 5.2)

Total pressure loss coefficient
Friction factor
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Latent heat of vaporization (J/kg)
Conductivity [W/m-C]
Entrainment constant (Eq. 5.163)
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Length [m]

Mass [kg]

Mass flow rate [kg/s)

Number

Drift flux number (Eqgs. 5.32 and 5.102)
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Ngash  Flashing phase change number (Eq. 5.112)
Ngp  GDCS number (Eq. 5.95)
Noe Natural circalation number (Eq. 5.66)
N, Orifice number (Eg. 5.36)
Npu Phase cange number (= Zuber number) (Eq. 5.29)
Nq CHF number (Eq. 5.110)
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Time constant [s]
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1. INTRODUCTION

The General Electric Nuclear Energy (GE) has developed a new boiling water reactor
called the Simplified Boiling Water Reactor (SBWR) [1.1]. Major differences between
the current Boiling Water Reactors (BWRs) and the SBWR are in the simplification of
the coolant circulation system and the implementation of passive emergency cooling sys-
tems. There are no recirculation pumps to drive the coolant in the vessel of the SBWR.
The emergency core cooling and containment cooling systems do not have active pump-
injected flows.

There are several engineered safety systems and safety-grade systems in the SBWR
which are directly related to the relevant issues and objectives of the present program:
(1) the Automatic Depressurization System (ADS), (2) the Gravity-Driven Cooling Sys-
tem (GDCS), (3) the Passive Containment Cooling System (PCCS), and (4) the Isolation
Condenser Systems (ICS). The GDCS and PCCS are new designs unique to the SBWR
and do not exist in operating BWRs. The ICS is functionally similar to those in some
operating BWRs. Both the GDCS and PCCS are designed for low-pressure operation

(less than 1.03 MPa or 150 psia), but the ICS is capable of high pressure operation as
well (up to 7.58 MPa or 1100 psia).

The ADS will be actuated at a prescribed vessel condition and depressurizes the reac-
tor vessel so that the gravity driven cooling systems can be activated to lead to water
injection. The goal is to maintain adequate core and containment cooling by preventing
core uncovery and dryout of the fuel pins.

The performance of these safety systems under a loss of coolant accident (LOCA)
and other important transients is a major concern. Since the emergency cooling systems
are driven by the gravitational head, interaction between the ADS, GDCS, PCCS and
other auxiliary systems are important. The emergency cooling systems depend not only
on the gravitational head but also on the relative static pressure differences between the
vessel, drywell and wetwel! (suppression pool). The safety systems and various natural
circulation phenomena encountered after the initial vessel depressurization in the SBWR
are somewhat different from the systems and phenomena studied by the nuclear com-
munity in existing commercial nuclear reactors.

General Electric has performed tests to assess the GDCS performance in a low pres-
sure full-height GIST facility with a volume scale of 1/508 [1.2). Results of this study
have demonstrated the feasibility of the GDCS concept. The GIST facility was scaled
from an older SBWR design in which the GDCS pools were combined with the SP. The
PCCS was absent in the GIST facility, hence parallel operation of the GDCS and PCCS
was not observed in the GIST experiments. GE has also performed tests to assess the
PCCS performance in a low-pressure, full height Toshiba GIRAFFE facility in Japan
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with a volume scale of 1/400 [1.3]). The GIRAFFE tests provided data to help model the
prototypic SBWR PCCS units, and demonstrated the feasibility of the noncondensible
venting concept. However, the GIRAFFE facility was scaled from an older SBWR
design, and it did not investigate GDCS injection in the vessel.

A new PANDA facility in Switzerland is a low-pressure, full-height facility with a
volume scale of 1/25 [1.4]. The main focus of the PANDA facility is on PCCS perfor-
mance and containment phenomena in a relatively large-scale facility so that three-
dimensional effects can be assessed. Like GIRAFFE, however, the PANDA facility is
not designed for assessing GDCS injection into the vessel. Although GE has performed
experimental and analytical studies for the PCCS and GDCS systems and associated
phenomena, the U.S. Nuclear Regulatory Commission (NRC) has identified a need to
develop additional independent confirmatory data from a well-scaled integral test facility
buiit to reproduce major thermal-hydraulic phenomena at relatively low pressure (< 1.03
MPa or 150 psia) [1.5]. Purdue University was awarded a research contract,
"Confirmatory Integral System Testing for GE SBWR Design," to design, construct and
operate PUMA (Purdue University Multi-dimensional Integral Test Assembly) to obtain
integrzl test data.

The objectives of this program are to build a scaled integral test facility and obtain
confirmatory data for the NRC to assess the RELAPS code. The general guidelines for
assessing the code scalability and uncertainty associated with accident predictions have
been developed at NRC [1.6). This report summarizes the details of the scaling method
and scientific design of the integral facility, including its instrumentation.

Note: Throughout this report, “prototype” refers to the GE-SBWR and "model” refers to the present
PUMA test facility.
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2. OBJECTIVES
The major objectives of the PUMA program are to:

1. provide integral data to NRC for the assessment of the RELAPS code for SBWR
applications,

2. assess the integral performance of GDCS and PCCS, and
3. assess relevant SBWR phenomena important to LOCAs and other transients

The focus of the PUMA integral test program is the reproduction of the important
phenomena expected in the SBWR for use in the assessment of the RELAPS code. The
objective of the scaling method is to provide a facility design that will reproduce those
phenomena which occur during both the later stages of depressurization of the SBWR
pressure vessel and during the functioning of the gravity-driven safety systems. A corol-
lary objective of the scaling will be to preserve, to the extent necessary and possible, the
sequence and interaction of the key phenomena. In this way, comprehensive data which
can be related to prototypical conditions will be provided for assessing the code models.

The particular focus of the integral experiments will be to obtain data on the perfor-
mance and interaction of the GDCS and PCCS, particularly as related to the maintenance
of the coolant level in the RPV, containment integrity, maintenance of natural circula-
tion, possible occurrence of two phase natural circulation instabilities, the effect of non-
condensables on PCCS performance and potential impact on the core cooling. Data will
also be obtained regarding system interaction between the GDCS, PCCS, auxiliary cool-
ing systems, possible water hammer occurrence during GDCS injection, feedwater injec-
tion, and ICS condensate draining into the vessel.

The data collected will provide qualitative as well as quantitative tests of the code
models and overall predictive capability of RELAPS. In this way, the uncertainty associ-
ated with the calculation of the safety margins predicted to exist for design-basis
accidents can be comprehensively assessed by the NRC using the code scaling and uncer-
tainty analysis methodology established several years ago.



3. PROGRAM REQUIREMENTS

The PUMA tests are primarily concerned with: developing a well scaled integral test
data base for NRC to assess the ability of RELAPS code to simulate the effectiveness of
the GDCS and PCCS, and assessing the interaction among safety and non-safety systems.
It has been found in previous studies that the largest uncertainties in predicting safety
system performance are found in the later stages of accident events in which the system
pressure is reduced through the automatic depressurization systems or break flow. The
stated objective of the Nuclear Regulatory Commission is to obtain confirmatory data
from a scaled integral test facility for major thermal-hydraulic phenomena at low pres-
sure after vessel depressurization in the SBWR. In view of this, the test facility should
be designed to reproduce the phenomena at 1.03 MPa (150 psia) or below in the plant.
This maximum pressure is one of the most important factors affecting the design and cost
of the proposed integral test facility.

The data collected will serve as part of the basis in the assessment of the model appli-
cability and code uncertainties associated with the use of the RELAPS safety analysis
code for SBWR applications. The data should confirm the ter hnical feasibility of various
engineered safety features in simulated accident conditions.

The integral test facility design should be based on a rational scaling method which
embodies conservation principles. The scaled-down system design requires that separate
considerations be used for the length scale and the flow area scale. The product of these
two scales give the overall volume scale. For natural circulation-driven flow, both the
driving force and flow resistance simulations are very important, since the natural circu-
lation flow is essentially determined by the balance between these two forces.

In the past, a full-height and reduced-area facility was often justified on the basis of
preserving the total driving force. However, this is often not a valid argument because
such a scaling approach may lead to a significant distortion of frictional resistance. The
magnitude of the frictional resistance is proportional to the length-to-diameter ratio //d.
For a full-height but reduced-area facility, the natural circulation rate may be
significantly smaller as a result of much larger values for //d in the pipe sections. One
way to reduce this impact is to enlarge the diameter of piping sections. However, this
will lead to significant distortions of the scaled mass and energy inventories, which usu-
ally must be conserved. Since the inventory balance between the vessel, the contain-
ment, and the suppression pool largely determines the course of cvents in SBWR
accidents and transients, inventory distortion is highly undesirable in the test facility.

The integral test facility scaling method should also provide a rational basis for scal-
ing the integral test facility results up to the prototype conditions. Therefore, it is neces-
sary to have scaling criteria for time, velocity, pressure, void, mass inventory and energy
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inventory in addition to the geometric scaling criteria. The integral test results should not
only qualitatively identify the key thermal-hydraulic phenomena and sequence of events,
but also quantify the system response, phenomena and sensitivity, and the effects of
interactions of components and phenomena. However, because of some scaling distor-
tions, data from test facilities, including PUMA, GIRAFFE, and PANDA are not
expected to reproduce quantitatively the system response and sensitivity exactly as in
SBWR.

The integral tests are primarily concerned with the phenomena encountered after the
reactor vessel is depressurized to the level when the GDCS is activated. Therefore, the
facility should represent the major vessel internal structures, decay heat in the core, the
depressurization systems, GDCS, PCCS, ICS, suppression pool, and non-safety systems.
In addition to these, a system for water injection to the feedwater lines is necessary in
order to address the interactions of GDCS with the non-safety systems such as the control
rod drive sysiem (CRD), Reactor Water Cleanup/Shutdown Cooling System
(RWCU/SDCS) and Fuel and Auxiliary Pools Cooling Systems (FAPCS). The latter pro-
vides a spray system in the dry well and also in the suppression pool.

The integral test facility should have instrumentation to provide phenomena
comprehension, quantification, evaluation, aud also be usable by the NRC in model
development and assessment of the RELAPS coae. The instrumentation should measure
at least

e pressure at various locations

e A P in vessel for level measurements
» mixture level in the vessel

e in-vessel local void fraction

«» tlow in various connecting lines

« noncondensable concentration

e lemperatures

o natural circulation rate in the vessel
» water level in various pools

e power input

o heater surface temperature

e heat loss
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The scaling method must address the following phenomena and issues:

(1)
)
3)
C))
&)
(6)
7
()

in-vessel na*ural circulation and two phase flow instability,

flashing in the chimney,

intiow or outflow from various components and intercomponent flow,
initial an. houndary conditions,

important coptainmeni pienomena,

single phase and two phase natural circulation

condensation phenomena in the presence of noncondensable gases, and

system stored energy and decay heat.

Thus, tasks to be performed under the present program are:

e Perform phenomena identification for SBWR LOCAs and transients, to be used for
the design of the integral experiments and development of a test plan.

e Develop a well-balanced and justifiable scaling approach for the design of the SBWR
integral facility, PUMA.

» Design a well-scaled integral test facility having proper and sufficient instrumenta-

tion.

o Construct the scaled integral SBWR test facility.

¢ Develop boundary and initial conditions for the integral tests based on the scaling
method and computer code simulation using RELAPS.

» Perform the integral tests under strict quality assurance over the experiments, as well
as the reporting procedures.

» Report the results in a NUREG/CR document.



4. DESIGN BASIS FOR THE PUMA INTEGRAL FACILITY

4.1 System Characteristics (Safety)

In this section, the system rlaracteristics of the SBWR that are relevant to the saiety
of the reactor are discussed. Some figures and data for the tables presented in the discus-
sion were obtained from the GE Standard Safety Analysis Report (SSAR) [4.1] and the
captions for these figures and tables include references to the SSAR page number for
immediate reference. All dimensions presented are for nominal size.

In Figure 4.1, the SkWR containment boundary is shown. Within the containment
boundary there are the reactor pressure vessel (RPV), drywell, suppression pool (SP),
gravity driven-core cooling system (GDCS) pools, isolation condenser system (ICS) pip-
ing, passive containment cooling system (PCCS) piping and the automatic depressuriza-
tion system (ADS). The condensers and pools for the ICS and pools for the PCCS are
located outside and above the containment boundary.

4.1.1 Reactor Pressure Vessel (RPV)

Figure 4.2 shows the cross-sectional view of the SBWR vessel. The dimensions of
the vessel are given in Table 4.1. The thermal-hydraulic parameters of the RPV at the
normal full-power operation are given in Table 4.2.

Table 4.1. Dimensions of Reactor Pressure Vessel
[Ref. 4.1, p. 1.3-5, 5.1-5, 1.3-4]

Inside Height 24.505 m
ID 6 m

Wall Thickness 157.175 mm
Coolant Volume 607/.3 m’
Total Volume 669 m’
Active Fuel Length 2743 m

In Figure 4.3, the elevations of various penetrations and internal structures of the
RPV are shown. The overall height of the RPV is about 25 m. This permits natural cir-
culation driving forces to produce the required core coolant flow. An increased thermal
driving head is provided by a long "chimney" (9 m in height) in the space which extends
from the top of the core to the entrance of the steam separator assembly. The first 6.5 m
of the chimney region has vertical panels for flow partition with the remainder of the
chimney being an open chamber. The RPV volume provides a large reserve of water
above the core. This volume assures a long period of time before core uncovery in the




4-2

case of feedwater flow interruption or loss of coolant. The large RPV volume also
reduces the reactor pressurization rates that develop when the reactor is suddenly isolated
from the normal heat sink.

Table 4.2. Thermal-hydraulic Parameters for RPV
[Ref. 4.1, p. 1.3-2, 4.4-6, 5.1-4)

Core Power (100%) 2000 MWth
Core Inlet Flow 27.2 x 10° kg/h
Feedwater Inlet Flow 3.88 x 10° kg/h
Steam Dome Pressure 7.17 MPa

Core Inlet Pressure 7.28 MPa

Core Outlet Pressure 7.23 MPa
Average Core Power Density  41.5 kW/liter
Average Heat Flux 430.58 kW/m?
Maximum Heat Flux 1225.23 kW/m?
Core Average Exit Quality 14.3

Feedwater Temperature 215.6°C

Core Inlet Temperature 278.5°C

Core QOutlet Temperature 288°C

The reactor internals consist of fuel assemblies, control-rod guide tubes (CRGTs),
core plate, core shroud, top guide, chimney, chimney partitions, steam separator assem-
bly, and the steam dryer assembly. The shroud support, shroud and chimney make up a
cylindrical stainless steel assembly that partitions the upward flow of coolant through the
core from the downwsard recirculation flow in the downcomer.

4.1.2 Containment System

The SBWR has a low-leakage containment which is divided into the drywell and
pressure suppression chamber. The containment is a cylindrical, steel-lined, reinforced
concrete structure integrated with the reactor building. The drywell design conditions are
483 kPa (70 psia) and 171°C. The suppression chamber design conditions are 483 kPa
(70 psia) and 121°C. The drywell is divided by sliding block type supports into a lower
drywell (below the skirt) and an upper drywell (above the skirt). There is an open flow
area between the lower and upper drywells to allow for pressure equalization. The upper
drywell houses the main steam lines, feedwater piping, the safety relief valves (SRVs),
and piping, ICS and piping, PCCS piping, drywell coolers, DPVs and piping and GDCS
pools and piping. The suppression pool is higher in elevation than the top of the core.
This provides a gravitational driving head for injecting suppression pool water into the
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vesse! when the vessel is depressurized and the equalization lines (total of three) between
the suppression pool and the vessel are opened.

The gas space above the suppression pool serves as the LOCA blowdown gas reser-
voir for the upper and lower drywell nitrogen and other noncondensable gases, which
pass through the eight drywell-to-suppression chamber vertical vent pipes. Each vent
pipe has three horizontal vents located below the suppression pool surface. There are 24
horizontal vents between the drywell and suppression pool. In Figure 4.4, a detailed
view of the horizontal vent module is shown. To prevent over-pressurization of the SP
relative to the drywell, there is a vacuum breaker system between the suppression
chamber and drywell. The vacuum breakers consist of check valves which ¢ pen when
the suppression chamber pressure exceeds the drywell pressure at a preset pressure
difference. In Table 4.3 relevant containment parameters are given.

Table 4.3. Containment Parameters
[Ref. 4.1, p. 6.2-60, 6.2-61]

Drywell volume above skirt 4599 m?
Drywell volume below skirt 904 m?
Suppression pool gas volume 3819 m’
Suppression pool water volume 3255 m?
SP vertical vents area 9 m?

SP surface area 588 m?
Vertical vent pipe inside diameter 1.2m
Vertical vent pipe height 127 m
Horizontal vent diameter 0.7m

Elevation of horizontal vents,
centerline from pool floor

Top vent 35m
Middle vent 2.13m
Bottom vent 0.76 =




4.1.3 Main Steam Lines

Two main steam lines (MSLs) of 638.9 mm i.d. (28 inch Sch. 80) carry steam from
the RPV to the turbine main steam systems. Each of the two MSLs has a flow-restricting
nozzle built into the RPV exit. In the event of an MSL break accident, the restrictor lim-
its the cooluant blowdown rate from the reactor vessel to a choked flow rate equal to or
less than 200% of rated steam flow at 7.07 MPa. Each MSL has two steam isolation
valves, one inside and one outside the containment. On each MSL, there are four safety
relief valves (SRVs) and one depressurization valve (DPV). These SRVs and DPVs are
discussed below.

4.1.4 Automatic Depressusization System (ADS)

The function of the automatic depressurization system (ADS) is to systematically
depressurize the RPV in the event of LOCA or transient, to allow the GDCS water injec-
tion to the vessel, preventing the core uncovery and maintaining the peak clad tempera-
ture below design limits. The ADS also keeps the reactor depressurized for continued
operation of the GDCS after an accident initiation. The ADS consists of the eight SRVs,
six DPVs and their associated instrumentation and controls. As stated earlier, there are
four SRVs and one squib-type DPV on each main steam line. Four DPVs are flange-
mounted on horizontal stub lines connected directly to the RPV at about the elevation of
the MSLs. Three of the four stub tubes have an IC steam supply line connected. The
SRVs discharge into the suppres:.  pool through spargers. The DPVs discharge into the
upper drywell.

The SRVs and DPVs are actuated in several groups at staggered times as the reactor
undergoes a controlled depressurization. This minimizes reactor water mixture level
swell during the depressurization phase. The ADS is activated when the low water level
(Level 1) signal persists for at least 10 seconds. First, four SRVs (two from each MSL)
open and discharge steam to the SP. The remaining four SRVs open after an additional
10-second time delay. At 55 seconds after ADS actuation, the first group of two DPVs
(on MSLs) start to discharge to drywell. Likewise, the second group of two DPVs open
after 100 seconds and the third group of two DPVs open after 145 seconds of ADS actua-
tion. In Table 4.4, SRV and DPV parameters, ADS actuation and water level definitions
are given.

4.1.5 Gravity Driven Core Cooling System (GDCS)

The emergency core cooling systems (ECCS) of the SBWR are the GDCS and ADS.
The ADS described above provides depressurization through the use of safety relief
valves (SRVs) and depressurization valves (DPVs). Once the reactor is depressurized,



the GDCS provides gravity-driven flow from three separats water pools located within
the drywell at an elevation above the active core region. The GDCS initiation signal is
related to the confirmed Level 1 signal. Three squib valves are activated, 150 seconds
after confirmed Level 1 signal, one in each of the injection lines connecting the GDCS
pools to the RPV. The additional water flow from the SP can be injected into the RPV
through three equalization lines to meet long-term post-LOCA core cooling require-
ments.

After 30 minutes has passed since Level 1 confirmation, and when the RPV coolant
level decreases to 1 m above the top of the active fuel (TAF), squib valves are opened in
all three equalization lines. The 30 minute delay and the above criterion ensure that the
GDCS pools have had time te drain into the RPV and 30 minutes has passed since Level
1 confirmed the initial RPV level collapse does not open the equalization lines.
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Tabie 4.4. SRV and DPV Parameters, Water Levels, and ADS Actuation Timings
[Ref. 4.1, p. 21-39, 6.2-120, 6.2-121, Table 21.5-1-1, 6.3-28]

SRV Inlet Line Diameter 193.7/8 mm/inch Sch. 80
SRV Qutlet Line Diameter 242.9/10 mm/inch Sch. 80
SRV Minimum Flow Area 67 cm?

DPV (MSL) Inlet Line Diameter  257.2/12 mm/inch Sch. 160
DPV (RPV) Inlet Line Diameter 366.7/18 mm/inch Sch. 160

DPV Minimum Flow Area 248.5 cm?
Levels w.rt. TAF Control Functions

Normal Water Level (NWL) 11767 mm
Level 9 - (L9) 12862.5 mm
Level 8 - (L8) 12220 mm
Level 3 - (L3) 10840 mm
Level 2 - (L2) 7930 mm
Level 1 - (L1) 3930 mm
Level 0.5- (L 0.5) 1000 mm

TAF w.r.t. Inside Bottom of RPV 6493 mm

BAF w.r.t. Inside Bottom of RPV__ 3750 mm
Value Actuation Sequence after Level 1* Signal Confirmed

4 SRVs 00s

4 SRVs 10s

2 DPVs 55s

2 DPVs 100 s

2 DPVs 145 s

*Maximum Allowable Time Delay to Confirm Level 1 Signal 10 s

RPV Water Level “Control Function

L9 Initiate trip feedwater pumps runback,
L8 Trips CRD high pressure make up,

scrams reactor,
closes main turbine stop valves, and
initiates feedwater pumps runback
L3 Runback RWCU pump,
Trips leak detection and isolation system
(LD & IS), and scrams reactor
L2 Initiates the CRD high pressure makeup mode,
Initiates alternate rod insertion (ARI),
Closes MSIVs, containment isolation valves

except ICs
L1 Initiate ADS, GDCS and
Trips LD & IS
LO.S5 Open GDCS Equalization lines

w
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In Table 4.5, the GDCS parameters are given. As shown in Table 4.5, the minimum
equalization line driving head of 1 m is determined by the elevation differential between
the top of the first SP horizontal vent and the centerline of the equalization line RPV noz-
zle. The 193.7 mm (8 inch 3~h. 80) Yines from each GDCS pool branch out into the
146.3 mm (6 inch Sch. 80) lines just before they enter RPV.

Table 4.5. GDCS and Equalization Line Parameter
[Ref. 4.1, p. 6.2-60, 6.3-5, 6.3-6]

GDCS Pool Numbers 3
Each GDCS Pool Minimum 329 m?
Drainable Inventory
Minimum Surface Elevation of GDCS 133 m
Pool above the RPV Nozzle
SP Inventory 1 Meter above TAF 1475 m*
Minimum Equalization Line Head Im
GDCS Line Size from GDCS Pool 193.7/8 mm/inch Sch. 80
(three total)
GDCS Line Size 146.3/6 mm/inch Sch. 80
(six total)
GDCS-Injection Line Nozzle Size at RPV  76.2 mm
(six total)

Equalization Line Nozzle Size at RPV 50.8 mm

4.1.6 Passive Containment Cooling System (PCCS)

The passive containment cooling system (PCCS) is an engineered safety feature and
therefore it is a safety-related system. The PCCS removes the core decay heat energy,
rejected to the containment after a LOCA, to outside of the containment. It provides con-
tainment cooling for a minimum of 72 hours after a LOCA. The PCCS consists of three
PCCS condensers. The condenser is sized to maintain the containment within the design
pressure limits of 483 kPa (gauge) (70 psig) for design basis accidents (DBAs). The
PCCS is designed as a passive system without power actuated valves or other com-
ponents that must activate during the accident.

Each PCCS condenser assembly is composed of two identical condenser modules.
One PCCS condenser assembly is designed for 10 MWth capacity under conditions of



saturated steam in tubes at 412 kPa (50 psia) and 134°C and pool water at atmospheric
pressure and 101°C. The noncondensable gas purging system is driven by the pressure
difference between the drywell and the suppression chamber.

The PCCS parameters are given in Table 4.6. Each PCCS condenser has two identi-
cal bundles of vertical heat-transfer tubes connected to a steam drum above as an inlet
plenum and a similar drum below as an outlet plenum. The vent and drain lines from
each lower header are routed to the drywell through a single containment penetration.
The condensate drains into an annular duct around the vent pipe and then flows into a
line which connects to a large common drain line which also receives flow from the other
header. The drain line feeds condensate into the GDCS pool. The noncondensables from
the PCCS condenser are vented through the vent pipe into the suppression pool.

4.1.7 Isolation Condenser System (ICS)

The isolation condenser system remcves core decay heat from the reactor by natural
circulation. It can function with minimum or no loss of coolant inventory from the reac-
tor when the normal heat removal system is unavailable. For example, it can be activated
for the following events: (1) sudden reactor isolation from power operating conditions,
(2) reactor hot standby mode, and 3) safe shutdown condition.

Table 4.6. PCCS Parameters
[Ref. 4.2, Appendix 2]

P Y

Number of Units 3
Modules per Unit 2
Tubes per Module 248
Total Heat Transfer Area Inside/Outside ~ 400/430 m?
Total Flow Area 2.6 m?
Condenser Tube
- Length 1.8 m
- 0D 50.8 mm
-ID 47.5 mm
- Material Stainless Steel
Headers
- Length 24m
-0OD 750 mm
Condenser Tube
Bundle Volume 3.2 m?

w
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The ICS consists of three independent high-pressure loops, each of which contains a
steam isolation condenser (IC). The steam is condensed on the tube side and transfers
the heat to a large ICS/PCCS pool by evaporating water to the atmosphere. Each IC is
designed for 30 MW th capacity and consists of two identical condenser modules.

Each ICS is located in a sub-compartment of the ICS/PCCS pool, and all pool sub-
compartments communicate at their lower ends for full utilization of the collective water
inventory. Steam condenses inside vertical tubes and collects in the lower header. One
pipe from each of the two lower headers carries the condensate to a common drain line
leading to the RPV. Noncondensable gases are purged through vent lines into the SP.
The purging operation in the ICS vent lines is performed manually by an operator, hence,
it is not passive as in the PCCS vent lines.

During LOCA transients, the ICS is activated when the reactor water level falls
below Level 2. In Table 4.7, the ICS/PCCS pool and ICS parameters are given. Note
that the ICS supply inlet line shares a stub line with one of the DPVs.

Table 4.7. IC Pool and ICS Parameters
[Ref. 4.2, Appendix 2]

e e e e e S )

IC Pool

- Depth 44m

- Air space 116593 m*

- Volume above top of tubes 1250 m?
IC Inlet Line Size (from DPV Stub/Tube)  242.9/10 mm/inch Sch. 808
IC Condensate Return Line Size 146.3/6 mm/inch Sch. 80S
IC Vent Line (to SP) Size 18.9/0.75 mm/inch Sch. 80S
Number of Units 3
Modules per Unit 2
Condenser Tube

- Length 1.8 m

-0D 50.8 mm

-ID 46.6 mm

- Number of Tubes. 120

per module
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4.1.8 Control Rod Drive (CRD) System and Reactor Water Cleanup/Shutdown Cooling
(RWCU/SDC) System

The CRD and RWCU/SDC systems are pump-driven non-safety systems. They can
also provide high-pressure water injection into the vessel if the AC power is available.
The injection of high-pressure makeup water to the reactor is initiated when the normal
makeup supply system (feedwater) is unable to prevent the reactor water level from fal-
ling below reactor water Level 2. This makeup water is supplied to the reactor via a
bypass line which connects to the feedwater inlet piping via the RWCU/SDC retaining
piping.

The SBWR does not have the BWR’s residual heat removal system. For a normal
shutdown and cooldown operation, the residual and decay heat are removed by the
RWCU/SDC system and its condensers. The RWCU/SDC system provides two basic
functions: reactor water cleanup and shutdown cooling. The RWCU/SDC system pro-
vides the core cooling one half-hour after control rod insertion.

4.1.9 Spectrum of Postulated Breaks

For the SBWR, breaks can be classified as large breaks, intermediate breaks or small
breaks. ..ole 4.8 gives a list of specific breaks and the flow area associated with each of
them.

Table 4.8 Postulated Breaks
(Ref. 4.1, p. 6.3-20, 6.3-21)

Equivalent Nozzle
Break Area (cm?) Size (cm)

Large Break

- DPV stub tube break 1056 36.61

- MSL break 977 35.22

- FWL break 390 22.77

- RWCU/SDC suction line break 295 19.36
Intermediate Break

- IC retumn line break 168 14.62
Small break

- GDCS injection line break 45.6 7.62

- Bottom head drain line break 20.3 5.08

Pt m e e e L SRS e e S
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4.2 Governing Processes and Phenomena

4.2.1 Processes Following a LOCA or Transient

During a LOCA or transient (e.g. loss of feedwater), the control rod drive system
(CRDS) shuts down the reactor. The primary function of the GDCS is to remove the
core decay heat in order to protect the core from uncovering and melting. The GDCS is
designed to inject water into the vessel without relying on any active systems by using
the gravitational head between the GDCS tanks and the vessel. The reactor is operated at
high pressure (1040 psia) which needs to drop to a value closer to the containment pres-
sure in order to gain a driving head between the GDCS tanks and the vessel. Therefore,
before activating GDCS injections, the vessel is depressurized using ADS.

The steam vented through the SRVs is sent to the suppression pool where it is con-
densed, but the steam vented through DPVs goes to the drywell. During the initial blow-
down phase, the drywell pressure is adjusted by venting steam through the horizontal
vents into the suppression pool. In the later phase of blowdown, venting through the hor-
izontal vents is terminated, and the long-term drywell pressure is adjusted through PCCS
condensers. Steam condensate from the PCCS is returned to the vessel via GDCS tanks,
and noncondensables are vented to the suppression pool.

The SBWR containment is inerted with nitrogen in order to prevent the potential
combustion of hydrogen in the containment. Therefore, the noncondensables expected to
be present in the containment are mainly nitrogen and possibly hydrogen. Purging non-
condensables into the suppression pool serves a dual purpose. First, the suppression pool
water removes radioactive contaminants in gases. Second, the PCCS condenser perfor-
mance deteriorates rapidly with the accumulation of noncondensables in the tubes, thus
purging will restore it to a near pure steam environment.

The driving force for steam or steam-nitrogen mixture to flow into the PCCS con-
denser tubes comes from, (1) Ap between the drywell and wetwell, and (2) condensation
induced pressure difference between the PCCS and drywell. During the initial blowdown
phase, as well as at the later periodic venting of the PCCS condensers, the vent flow is
caused by the Ap due to submergence level difference.

Long term core decay heat is removed in three steps. First, the GDCS injects water
into the vessel, removing core energy by boiling and venting steam into the drywell
through DPVs, which remain open once activated. Heat is removed from the core by
natural circulation flow within the vessel. Second, the PCCS transfers energy from the
drywell to the PCCS/ICS pools by condensing steam from the drywell in the PCCS con-
densers. Third, the PCCS/ICS pools transfer their energy to the atmosphere outside the
containment by vaporizing pool water and venting it. The PCCS also feeds the
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condensate to the GDCS pools and vents noncondensables to the suppression pools
which enhances condensation in the PCCS pools.

4.2.2 Phenomena Accompanying a LOCA or Transient

Inside the RPV, the steady state natural circulation flow can be significantly altered
by a break flow which leads to inventory loss. At the same time as vessel depressuriza-
tion occurs, the liquid is superheated and flashing can occur throughout the RPV.

During this early stage, in-vessel flow instabilities, such as manometric, geysering
and density wave instabilities, can occur due to the increased void fraction. The basic
density wave instability analyses, carried out in the early seventies, indicate that the two
phase flow is much more unstable at lower pressure and higher void fraction. At later
stages, these instabilities may become dominate due to the decreased pressure.

Outside the reactor vessel, several phenomena are important. These are the steam
mixing and condensation in the containment atmosphere, and the condensation of steam
in the suppression pool. One important non-equilibrium phase change phenomena is the
condensation of steam by the subcooled GDCS water in the reactor vessel. This may
iead to the condensation-induced water hammer pheuomena or condensation flow insta-
bilities.

Counter current flow limitation (CCFL) phenomena may occur within the reactor
vessel. This can lead to the voiding of some subassemblies while others are flooded.
Since the natural circulation mode is relatively unstable due to the coupling of the flow
and heat transfer (or voiding), the occurrence of the instabilities such as density wave
instability and CCFL are possible. The other potential instabilities are manometer-type
oscillations and geysering or flashing-induced instability. The natural circulation insta-
biiity studies by Ishii et al. [4.3-4.5] indicate that these instabilities can lead to very large
amplitude oscillations or cyclic phenomena Hence, their effects on the GDCS perfor-
mance can be significant.

The following important governing processes and phenomena should be considered
in the model facility:

Time-Dependent Vessel Water Level: As the vesse! water level in the downcomer drops
below set limits, the ECCS (ADS and GDCS) are actuated. During the abnormal tran-
sients or accidents, the core heat removal depends critically on the mixture level being
above the top of the core and the intermnal circulation.

Flow Rates of GDCS Water Draining and PCCS Condensate Draining: The difference
between the draining rates of GDCS water into the vessel and PCCS condensate into the
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GDCS pools gives the net rate of emptying GDCS pools. This difference determines the
the effectiveness of the GDCS at the later stage.

Thermodynamic State of Noncondensables: Presence of noncondensables in the drywell
degrades the performance of PCCS condensers. Therefore, the PCCS vents are designed
to remove noncondensables from the drywell into the suppression pool. The measure-
ments of the pressure, temperature, and concentration of noncondensables are useful to
evaluate the condenser performance. The concentration of noncondensables may vary
depending on the location in the drywell.

RPV Inventory with GDCS Flow: Since tne GDCS flow will not be initiated until the
RPV pressure is low, the steam flow is reduced significantly by the time GDCS injection
begins. However, it is possible that the GDCS water can be flashed into steam by contact
with hot metal in the injection region. This may adversely affect the CDCS injection
flow rate at the initial stage. The GDCS injection flow, break flow and the DPV and SRV
flow are the critical parameters in determining the vessel inventory.

GDCS Egqualization Flow t the Vessel: The water inventory of the GDCS pools is
slowly replenished with c-udensate draining from the PCCS. For all design basis events,
the closed loop of PCCS condensation and GDCS drainage to the RPV results in long-
term coverage of the core. Beyond design basis events, GDCS equalization flow may be
necessary where multiple failures are assumed. When the vessel water level reaches | m
above TAF and at least 30 minutes has passed since the Level | signal is confirmed, the
GDCS equalization line will open and water injection from SP to the RPV will begin.
Because the driving head difference is small (0.91 m), it is important to know the core
cooling capability with the GDCS equalization flow.

Containment Integrity during a LOCA or Transient: During a LOCA or transient, SBWR
safety systems operate continuously to remove decay heat from the core to the ambient
air through the PCCS. Steam is released from the vessel into the containment. The
PCCS condenses steam and prevents the containment from over pressurization. The non-
condensables from PCCS ccndensers are purged into the suppression pool. The effec-
tiveness of PCCS strongly depends on the proper functioning of this purging mechanism.

Thermodynamic and Thermal-Hydraulic Conditions: Pressure and temperature of the
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