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. SUMMARY

The Oregon State University (OSU) test facility is a 1/4-height, reduced-pressure simulation of the
AP600 nuclear steam supply system and the AP600 passive safety features. A series of design-basis
events were simulated at OSU to obtain data for verification and validation of the computer modeis
used for the safety analysis of AP600,

The purpose of this report is to describe the analysis of the test data and the thermal-hydraulic
behavior of the test facility, to identify the phenomena observed in the tests and the relationship to the
phenomena identification ranking table (PIRT), and to show the applicability of the OSU tests for
computer model verification and validation through mass and energy balances.
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LO INTRODUCTION

This report describes the analysis of the Oregon State University (OSU) test data used to validate
certain AP600 safety analysis computer codes. The test data report for the OSU tests is given in the
OSU Final Data Report,”’ which describes the test facility, the valid instrumentation, and the test
facility performance for the different tests. This report will examine, in additional detail, the thermai-
hydraulic behavior of the test facility and the phenomenon observed in the tests, as identified in the
phenomena identification ranking table (PIRT), Table 1.3-1. This analysis will aid computer code
validation activities.

The OSU test facility is a 1/4-height, reduced-pressure model of the AP600 and its passive emergency
core cooling systems. The test facility located at the Radiation Center at the University in Corvallis,
Oregon inciudes the reactor coolant system (RCS), steam generators (SGs), passive core cooling
system (PXS), automatic depressurization system (ADS), and nonsafety-related injection systems, such
as the normal residual heat removal system (RNS) and the chemical and volume control system
(CVS). The test facility, fabricated from austenitic stainless steel designed for normal operation at
450°F and 400 psig, was scaled using the hierarchical, two-tiered scaling analysis (H2TS) method
developed by the U.S. Nuclear Regulatory Commission (NRC). Simulated piping breaks were tested
in the hot leg (HL), cold leg (CL), pressure balance line between the cold leg and the core makeup
tank (CMT), and the direct vessel injection (DVI) line. Decay heat that scaled to 3 percent of the full
power (about 2 minutes after shutdown) was supplied by electrically heated rods in the reactor vessel.
Simulated transients were programmed by the control system to proceed automatically. About 850
data channels were recorded by the data acquisition system (DAS) and downloaded to compact disks
for subsequent data reduction and plotting. The OSU test facility was specifically designed to examine
the small-break loss-of-coolant transient (SBLOCA) periods as well as the long-term-cooling (LTC)
aspects of the AP600 passive safety systems.
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i.1 Background

AP600 is a 600-MWe Westinghouse advanced reactor designed to enhance plant safety with accident
mitigation features that, once actuated, depend only on natural forces, such as gravity and natural
circulation, to perform all required safety functions.

The AP600 primary system is a two-loop design. Each loop contains one hot leg, two cold legs, and
one SG with two canned motor reactor coolant puraps (RCPs) attached directly to the SG outlet
channel head. The passive safety systems comprise the following:

*  Two full-pressure CMTs that provide borated makeup water to the primary system at full
system pressure.

¢ Two accumulators (ACCs) that provide borated water to the reactor vessel if the primary
pressure < 700 psia.

* A passive residual heat removal (PRHR) heat exchanger (HX), comprised of a C-shaped tube
bundle submerged in the in-containment refueling water storage tank (IRWST), that can
remove heat from the primary system at full system pressure.

* The ADS, which is comprised of a set of valves connected to the RCS at the pressurizer steam
space and the two hot legs. The valves connected to the pressurizer vent to the IRWST
through a sparger. The valves connected to the hot leg vent to the containment. These valves
are opened sequentially to provide controlled depressurization of the primary system.

* An IRWST that provides a large source of core cooling water, which drains by gravity after
the ADS has actuated.

* A passive containment cooling system (PCS) that utilizes the AP600 steel containment shell to
transfer heat to the environment (ultimate heat sink). The PCS was not directly included in

the OSU tests, however, the containment circulation of condensed liquid back to the IRWST or
sump was simulated for selective tests.

In reviews of the AP600, the U.S. NRC identified several concerns regarding the performance of the
AP6(X) passive safety systems. Those concerns include the following:

* Possible high-pressure passive safety system interactions that could retard cooling of the core.
* Possible active system/passive system interaction that could retard cooling of the core.

* The dependence on small temperature differences resulting in small density differences, which
then are responsible for driving heads for recirculating flows.
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+  The effects of code accuracy in predicting long transients in which the driving heads for flow
in the system are small.

+ The behavior of the primary system and the containment during the LTC phase of the
transient; specifically, the reduced driving heads for flow from the sump and the resulting
pressure drops in the primary system that could reduce venting and increase steam binding of
the system at low pressure.

The OSU test facility was specifically designed to obtain experimental thermal hydraulic data that
would address NRC concerns.

The OSU test facility was constructed specifically to investigate the AP600 passive system
characteristics. The facility design models the detail of the AP600 geometry, including the primary
system, pipe routings, and layout for the passive safety systems. The primary system consists of one
hot leg and two cold legs, with two active pumps and an SG for each of the two loops. There are two
CMTs, each connected to a cold leg of one primary loop. The pressurizer is connected to the other
primary loop, as in the AP600 plant design. Gas-driven accumulators are connected to the DVI lines.
The discharge 2es from a CMT and one of the two IRWST and reactor sump lines are connected to
each DVI line. The two independent lines of each stage of ADS 1, 2, and 3 are modeled by one line
containing an orifice. Two-phase flow from ADS 1-3 is separated in a swirl-vane separator, and liquid
and vapor flows are measured to obtain the total flow rate. The separated flow streams are then
recombined and discharged into the IRWST through a sparger. Thus, mass and energy flow from the
ADS into the IRWST are preserved.

The period for simulation included not only IRWST injection, but also IRWST draining and sump
injection to simulate the LTC mode of the AP600. The time scale for the OSU test facility is about
one-half; that is, the sequence of events occurred about twice as fast in the test facility as in the
AP6L0.

To model the LTC aspects of the transients, two-phase flow from the break was separated in a swirl-
vane separator, and the liquid and vapor portions of the total flow were measured. The liquid fraction
of the flow was discharged to the reactor sump, as in the AP600 plant. The vapor was discharged to
the atmosphere, and the equivalent liquid flow was capable of being added to the IRWST and sump to
simulate the condensate return from passive containment. A similar approach was also used for the
two ADS-4 valves on the hot legs. The two-phase flow was separated in a swirl-vane separator, the
two stream flows were measured, the liquid phase was discharged into the reactor sump while the
vapor phase was discharged to the atmosphere, and the liquid equivalent was capable of being added
to the IRWST and sump. The IRWST, reactor sump, and separators could be pressurized to simulate
containment pressurization following a postulated loss-of-coolant accident (LOCA).

Prior to the performance of matrix tests, a series of cold, low-pressure and hot, high-pressure
pre-operational tests were performed to characterize the OSU facility to show proper operation of the
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. facility and to verify that piping/component parameters properly matched the AP600 plant, and to
provide benchmark data on facility behavior for the computer code analysis. The tests that were
analyzed in Sections 5, 6, and 7 were selected to examine the AP60X) passive safety system
performance in mitigating the effects of design-basis events (DBEs). Fvents that were evaluated
include LOCAs ranging from 0.5-in. diameter equivalent to the double -ended guillotine (DEG) break
of an §-in. DVI line. A larger break was also simulated for LTC peri. rmance via 4-in. equivalent

diameter breaks on both the top and bottom of a cold leg.
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1.2 Test Objectives

The OSU facility was designed and constructed to specifically examine the LTC performance of the
AP600 passive safety-related systems and their interaction with the nonsafety-related active systems.
The range and types of tests investigated in the OSU test facility covered the ranges and phenomena
expected for the SBLOCA and LTC transients. Tests were performed to examine the different break
sizes and locations to cover the range of phenomena of interest. The data from the tests are used to
validate the safety analysis computer codes used to analyze the AP600.

To cover the range of conditions for the LTC transient, various tests were performed. One test
modeled as large a break as possible to rapidly depressurize the facility so that decay power wouid be
at a high value when LTC began. Other tests were performed with conditions that would result in a
hot IRWST and sump when the primary system transitioned into LTC, Both conditions maximized the
production of core steam to be vented through the ADS-4 valves to maintain sump injection.

A detailed scaling analysis was developed for the OSU tests to relate the scaled-pressure and reduced-
height facility to the AP600 plant. The OSU Facility Scaling Report™ specified the facility
dimensions, resulting flow areas for the breaks, and pressure drops needed to preserve the phenomena
expected for the AP600 SBLOCA and LTC transients. The scaling study provides the bridge to relate
the AP600 SPES-2 Test Analysis Report™ to the similar OSU tests, and to relate the OSU tests to the
AP600 design.

The following are the specific test objectives of the OSU program:

* To provide data to establish the pedigree of the passive safety-related systems for LTC.

e To provide overlap with the full-pressure, full-height SPES-2 tests” so that an assessment of the
scaling effects of the OSU tests could be made. Therefore, similar break locations and sizes

(scaled) were examined in both facilities and comparisons were made.

¢ To cover the range of phenomena expected for the AP600 LOCA in addition to the LTC period.
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1.3 Important Small-Break Loss-of-Coolant Accident and Long-Term Cooling Phenomena
Identification and Ranking Table

The OSU test matrix was developed to simulate the thermal-hydraulic phenomena expected during
SBLOCA and LTC transients.

1.3.1 Small-Break Loss-of-Coolant Accident

The SBLOCA can be divided into the following four periods that characterize thermal-hydraulic
phenomena:

«  Blowdown - Initial depressurization from plant operating pressure to the SG secondary-side
pressure, after which pressure stabilizes.

+ Natural Circulation - The period from the stabilization of primary pressure with secondary-side
pressure until ADS-1 is activated. The primary reactor system is cooled by dificrent modes of
heat transfer. Each cooling mode is dependent on the system mass inventory. As the mass is
lost through the break, cooling proceeds from singie-phase natural circulation, to two-phase
natural circulation, to reflux condCusation cooling.

+ ADS -4 Blowdown - Once the CMTs drain to their setpoint, the ADS-1 valve opens and the
reactor system is depress. rized through the ADS flow path in addition to the break. As the
CMT continues to drain into the reactor vessel, additional valves are opened on the pressurizer
and RCS hot legs to enhance blowdown of the system.

* IRWST Injection - Stable injection from the IRWST indicates the complete depressurization of
the primary system down to containment pressure. Also, injection from the IRWST indicates
the end of the small-break transient and the beginning of the LTC transient.

Using these different periods, the important thermal-hydraulic phenomena have been identified and
ranked in a PIRT (Table 1.3-1). This PIRT has been updated from that which was provided in the
Applicability of the NOTRUMP Computer Code to the AP600 SSAR Sma!l-Break LOCA Analysis™
and refiects small changes from the WCOBRA/TRAC LTC Preliminary Validation Report.?" The
only changes other than footnotes were, 1) ADS subsonic flow was increased in importance to "M"
since this contributes to the system depressurization and the mass redistribution and the mass
redistribution into the pressurizer and 2) in the ..atural circulation phase, the wall stored energy to "L"
from "N/A" due to the heat transfer to the CMT walls. Individual phenomena were emphasized for
the ADS, and other components have been added to the PIRT. The phenomena for each identified
phase of the small-break transient relative to the AP600 small-break performance is discussed in the
following paragraphs.
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The reactor is assumed to be operating at normal full-power, steady-state conditions at the start of the ‘
blowdown. The break opens at time zero, and pressurizer pressure begins to fzll as mass is lost out
the break. This depressurization is largely defined by critical flow through the break. With the break
located at the bottom of the cold leg, a mixture flow exits the break for the majority of the transient,
since the mixture level stays high in the reactor vessel. Pressurizer pressure falls below the safety
signal setpoint, causing the reactor to trip. The safety systems actuation signal (S) follows and results
in the opening of the CMT isolation valves. Once the residual fissions decrease, core power is defined
by the decay heat model. The RCPs trip after a short delay. Pump performance, both before and after
the trip, is modeled according to the pump characteristic curves. After the pumps coast down, the
primary RCS is cooled by natural circulation, with energy removed from the primary system by the
SGs via their safety valves and the break. Stored energy from the metal in the reactor vessel and
pressurizer is transferred to the coolant. These phenomena are essentially the same for AP600 as for
conventional pressurized water reactors (PWRs). Liquid in the upper plenum and upper head
(depending on the temperature) will flash, and the upper head will start to drain.

Blowdown phase phenomena unique 000 are those associated with CMT delivery. Once the

CMT isolation valves open, the CMT injects borated water by gravity-driven recirculation into the

RCS through the DVI lines. The CMT injected volume is replaced with hot liquid via the cold-leg

balance line (CLBL); this hot liquid collects at the top of the CMT. The downcomer fluid stays

subcooled through the initial blowdown phase. '

For the natural circulation phase of the transient, the primary system exists in a quasi-steady-state
condition with the secondary side, with decay energy being removed by the SG secondary side as the
primary system drains. The SG in the AP600 plays a more limited role in the natural circulation
cooling phase than for conventional plants because the SGs drain relatively early in the transient.
Since PRHR is activated on an S signal during a SBLOCA, the IRWST becomes the primary heat sink
for the RCS early in the transient. The PRHR will remove energy from the primary system, causing it
to depressurize. The SG secondary side becomes a potential heat source once PRHR reduces primary
pressure to that of the secondary side. PRHR is ranked high in the PIRT since it becomes a
sigruficant heat removal path, particularly after primary pressure is less than SG pressure. Therefore,
condersation in the SG tubes during a SBLOCA ceases early. The requirements for detailed models
for condensation heat transfer in the SG tubes are not as significant for AP600 as for a conventional
plant. The importance shifts to the PRHR performance and the IRWST heat-sink behavior. The
reverse heat transfer path due to secondary heating of the RCS primary system continues until the SGs
drain. The CMT continues to deliver in the recirculation mode, but eventually a vapor region forms at
the top of the CMT volume, and CMT draindown begins. As the CMT drains while injecting, its level
falls to the ADS actuation setpoint, initiating the third phase of the AP600 SBLOCA transient, ADS
blowdown. The downcomer and lower plenum are ranked as medium importance in the PIRT since
they provide the driving head for natural circulation.

The ADS blowdown phase continues through the actuation of ADS-1, ADS-2, ADS-3, and ADS-4 as
the primary system depressurizes to approximately the containment pressure. The PIRT relates ‘
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AP600-specific components, events, and phenomena that occur during automatic depressurization of
the RCS to achieve water injection by gravity from the IRWST. Since ADS-1 creates an opening at
the top of the pressurizer, the pressurizer two-phase fluid level increases markedly. Pressurizer tank
level and surge-line phenomena are significant factors in the depressurization behavior following ADS
actuation. Flashing of fluid in the RCS occurs due to the depressurization caused by the ADS.

Following actuation of ADS-1, the next two stages of ADS, ADS-2 and ADS-3, activate via timers.
Once the pressure drops below 700 psia, accumulator injection begins, reducing flow delivered from
the CMT. CMT flow may even be stopped temporarily due to pressurization of the DVI line by the
accumulator. The CMT drain rate, and DV1 line and cold-leg balance line flow characteristics are
significant because ADS-4 actuation is based on the CMT liquid level decreasing below a low-low
setpoint value. Condensation of vapor on the CMT walls is of somewhat less importance since
recirculation results in heating of the CMT,

Critical flow through the ADS stages is the major factor in determining when the RCS has
depressurized to the extent that the gravity injection of water from the IRWST can begin. ADS-4
performance is affected by the nature of flow in the hot legs. Successful operation of the ADS leads
10 the IRWST injection cooling phase of the AP6(X) SBLOCA event.

The final stage of the SBLOCA is IRWST injection. At this point, the primary system is
depressurized, and the transient continues into the LTC phase of the accident. By the time of IRWST
injection, the CMT is either completely or very nearly empty. CMT phenomena have, therefore,
become relatively unimportant, wheras the IRWST gravity-drain rate through the DVI line is
important. The hot-leg flow phenomena, togetter with ADS-4 flow, is also important. Moreover, the
break critical flow behavior is now less important than before because all ADS flow paths are open,
providing a large area through which to vent steam. Keeping the core covered with liquid or a two-
phase mixture becomes a function cf the decay heat level and IRWST flow.

The impact of noncondensable gas released when the accumulators empty of liquid during AP60G
SBLOCAs is shown to be of low importance in the SBLOCA PIRT because of the large number of
vent paths for the gas.

1.3.2 Long-Term Cooling Transient

LTC is a post-accident phase defined as the period after IRWST injection begins until the plant is
recovered. The AP600 passive safety sysiems are designed to provide post-accident core cooling
indefinitely. Steam generated in the core is vented to containment. The steam condenses on the
containment shell, and the condensate is directed into the IRWST and sump where it flcws into the
core through the DVI line. The closed-circuit reflux condensation process ensures adequate cooling
inventory to maintain the core in a coolable state indefinitely.
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When the reactor system is in the LTC mode, the primary system is drained to the hot-leg level. With ‘
the SG primary side being filled with stagnant steam, the pressurizer and upper head of the reactor
vessel are empty. The CMTs and accumulators have already injected, and the PRHR may or may not
be active, depending on whether the IRWST level covers the X and noncondensable gas is present in
the PRHR tubes. Initial injection flow to the vessel comes from the IRWST as long as the IRWST
head is larger than the containment sump. If the IRWST has drained to the sump level, there could be
injection from both the sump and the IRWST until the IRWST has drained. Flow from the sump or
IRWST is directed to the reactor vessel thuough the DVI line into the downcomer. The delivery of
injection flow is gravity-driven from the elevated sump water level into the reactor vessel. The
driving force for core cooling is the level in the reactor downcomer, which provides the elevation hea?
to drive flow through the core and out the hot leg. This gravity-flooding behavior of the core is no
different than that in operating plants with the exception that injection flow is driven by a pump and
not gravity as in the AP600. The inclusion of a large vent path on the top of the hot leg through the
ADS-4 valves provides a low-pressure drop vent path so that ample flow through the core can occur.
In operating plant cold-leg breaks, the downcomer must drive core flow through the SG primary side,
superheating the primary fluid, and creating a backpressure that reduces core inlet flow (steam
hinding). Thi, situatior is avoided in the AP6(00 by using the large vent areas on the top of the hot
legs so that very little, if any, flow goes through the SGs. Also, once the IRWST drains, the ADS 1-3
vent path is also available to vent core-generated steam.

Since the primary system is at containment pressure, only the driving heads in the downcomer and the ‘
two-phase pressure drop in the core, hot leg, and ADS-4 determine the resulting core flow. If the

PIRT is examined, only those items related to the core, downcomer, upper plenum, hot leg, and

ADS-4 are highly ranked. While most items indicated on the PIRT for LTC are directly measured in

the tests, the hot-leg flow regime must be inferred from the data. Using the OSU data, the importance

of these phenomena can be assessed and used for guidance in validating the AP600 safety analysis

computer codes for the LTC period.
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PHENOMENA IDENTIFICATION RANKINT, [ABLE FOK AP600 SRLOCA AND LTC TRANSIENT

SBLOCA TRANSIENT

e e e |

Component Initial Natural ADS IRWST
Phenomenon Blowdown Circulati-m Blowdown Injection
Hreak
Crniucal flow H H H M I
Subsonic flow N/A N/A M M 1
L\[)S Stages 1 w0 3 H* (mmadvertent ADS) H* (madvertent ADS) H M I
Cntical flow
Two-phase pressure drop H* H* H M L l
Valve loss coefficients H* H* H M 1 I
I- Single-phase pressure drop H* H* N/A L I
Vessel/Core I
Decay heat H H H H H
l Forced convection M N/A N/A N/A N/A !
Hlashing M N/A M L N/A
Wall stored energy M L M M M
Natural circulation flow and heat transfer M M M M M
Mixture level mass inventory H H H H H
RCP
RCP performance M N/A N/A N/A N/A
Pressurizer
Pressunzer flind level M M M I L
Wall stored heat M M M 1 L
Pressunzer Surge Line
Pressure drop/flow regime i L M ¥ i
Downcomer/Lower Plenum I M M M M
Upper Head/Upper Plenum L M MM M H
Cold Legs L M M M L

I o The ADS is not normally opened during these phases unless the transient s an madvertent ADS: for that case, the ADS phenomena would be ranked as high (H)
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TABLE 1.3-1 (Cent.)
FHENOMENA IDENTIFICATION RANKING TABLE FOR AP608 SRL.OCA AND LTC TRANSIENT

SBLOCA TRANSIENT T LTC Trml
Component Initiai Naturai ADS TRWST
Phenomenon Blowdown Circulation Blowdown Injection
Steam Generator
29 - natural circulation [ M L L
| Steam generator heat transfer L M L ]
Secondary conditions I M L L
Hot Leg
Flow pattern traisition { H H H H
ADS-4
Cntical flow N/A N/A H H L
r Subsomic flow N/A N/A L H H
CMT
Recirculation imection M M L L L
Gravity draiming ingection N/A M H L 1
Vapor condensation rate N/A M M i I
CMT Balance [mnes
Pressure drop M H H L 1
Flow composition M H H L L
Accumulators
Inyjection flow rate N/A M H N/A N/A
Noncondensibie gas entrainment N/A N/A I L L
IRWST
Gravity drammng injection N/A N/A N/A H M
Vapor condensation rate N/A N/A M L L
DVI Line
Pressure drop M M M M M
PRHR
Natural circulation flow and heat transfer L H M L I
Sump
Gravity drainmng njection N/A N/A N/A N/A H
Level N/A N/A N/A N/A H
Temperature N/A N/A N/A N/A H




1.4 Test Facility Scaling

A detailed component and systern scaling analysis was performed for the OSU test facility and is
given in the OSU Facility Scaling Report.”’ The results of the scaling analysis were used to specify
the design of the facility. The primary objective of the scaling analysis was to design a working scale
model capable of producing the same types of flow behavior encountered in the AP600 during the
SBLOCA transient, and LTC.

Various scaling techniques can be applied to the design of a small-scale thermal-hydraulic test facility.
The traditional approach has been to use power-to-fluid-volume (P/V) scaling. This scaling approach
has been successfully applied in various studies such as the FLECHT SEASET Program Final
Report.” The optimum condition for this scaling approach occurs when the scale model implements
the same working fluid as the full-scale system, is built at full height using similar materials, and is
operated at full pressure. This generally results in constructing a very tall and thin scale model.
Unfortunately, the hydrodynamic behavior in the plenum regions may not be fully represented in the
full-height model. A reduced-height, power-to-volume scaled model gives a better representation of
multidimensional effects in the plenum and downcomer regions.”

The hierarchical two-tiered scaling analysis (H2TS) method has been used to develop the similarity
criteria necessary to scale the systems and processes of importance to AP600 integral system and LTC.
The H2TS method, developed by the NRC, is fully described in Appendix D of An Integrated
Structure and Scaling Methodology for Severe Accident Technical Issue Resolution”’ and is referred to
as the SASM methodology. There are four basic elements of the H2TS analysis method. The first
element consists of system decomposition. Each system can be subdivided into interacting subsystems
(or modules), further subdivided into interacting constituents (materials), and further subdivided into
interacting phases (liquid, vapor, or solid). Each phase can be characterized by one or more geometric
configurations, and each geometric configuration can be described by three field equations (mass,
energy, and momentum conservation). Each field equation can be characterized by several processes.
This is depicted in Figure 1.4-1.

After identifying the system of interest and decomposing it as in Figure 1.4-1, the next step is to
identify the scaling level at which the similarity criteria should be developed. This is determined by
the phenomena being considered.

For example, if the phenomenon being considered involves mass, momentum, or energy transport
between materials such as water and solid particles, then the scaling analysis should be performed at
the constituent level. If the phenomenon of interest involves mass, momentum, or energy transport
between vapor and liquid, then the scaling analysis should be performed at the phase level. Therefore,
identifying the scaling level will depend on the phenomenon being addressed. Table 1.4-1 presents the
system hierarchy implemented in the OSU Facility Scaling Report.”’
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Thermal-hydraulic phenomena involving integral system interactions, such as primary systeim
depressurization or loop natural circulation, are examined at the "system” level. Thermal-hydraulic
phenomena—such as PRHR decay heat removal, CMT, accumuiator, and IRWST passive safety
injection, automatic depressurization and LCS recircuiation cooling-—are examined at the subsystem
level. Thermal-hydraulic phenomena important to individual components—such as the reactor core,
pressurizer, SGs, hot legs, cold legs, coolant pumps, and interconnecting piping—are examined at the
module level. Specific interaction between the steam-liquid mixture and the stainless steel structure
are examined at the constituent level.

The OSU scaling study presents scaling analysis performed at different levels. The thermal-hydraulic
phenomena of interest, the system level at which the analysis was performed, the control volume for
the analysis (i.e., the geometric configuration), the applicable balance equations, and the processes
important (o the thermal-hydraulic phenomena of interest are discussed and analyzed for the simulated
reactor system as well as the major components in the system.

The third element of the H2TS method requires the performance of a top-down (system) scaling
analysis. The top-down scaling analysis examined the synergistic effects on the system caused by
complex interactions between the constituents deemed important by the plausible phenomena
identification ranking table (PPIRT). This has been modified as discussed in Section 1.3, and a
revised PIRT is presented in Table 1.3-1. The top-down scaling approach used the conservation
equations at a given scaling level to obtain characteristic time ratios and similarity criteria, and
identified important processes to be addressed in the bottom-up scaling analysis.

The fourth element of the H2TS method required the performance of a bottom-up (process) scaling
analysis, which developed the similarity criteria for specific processes such as flow-pattern transitions,
and geometry- and flow-dependent heat transfer. The focus of the bottom-up scaling analysis was to
develop similarity criteria to scale individual processes of importance to system behavior identified by
the PIRT and develop the design information for the test facility.

The basic objective of the H2TS method was to develop sets of characteristic time ratios for the
transfer processes of interest. This can be done by wriing the contrul volume balance equations for
each constituent, k, as follows:

dv
d‘tw. . A(Q.\yt]ﬂijm 1.4-1
Defining A(Q v, ):
AlQw,] = Q] - [Qw,l., 1.4-2
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W, = Conserved property; p, pu, or pe (mass, momentum, or energy per unit volume)

V, Control volume
0, = Volumetric flow rate
e Flux of property y, transferred from constituent k to m across the transfer area A,

"

v, transferred from constituent k to m across the transfer area A,,. Hence, AlQ,y,] represents the

usual mass, momentum, or energy convection terms, and £j A, represents transport process terms
such as condensation.

Equation 1.4-1 can be put in dimensionless form by specifying the following dimensionless groups in
terms of the constant initial and boundary conditions:

. N .V - AN i e
¥y S Vi B, Q= - Jx g.m s Ay S 1.4-3
vk( wl) Qk,l\ "’ ka.f' Akm
Substituting these groups into Equation 1.4-1 yields:
. dviy, 2 s by 2 ,
V ‘4’ A " Q‘.,W“A[Qr Wkliz Ukm'ﬁAkm‘ﬂnkmAlm l "4

LR T

Dividing both sides of this equation by Q, v, , yields:

dv, 'y, - i
Ty (;' . * AlQ, W, ltzrlm Jen A 1.4-5
where the residence time of constituent k is:
Vio
Ty ™ o 1.4-6
Ql,l)

and the characteristic time ratio for a transfer process between constituents k and m is given by:

j OA 'm0
i 1.4-7

Ql.Owk.O
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It is the IT (pi) ratio of the proposed test facility to the plant that are of interest. Important processes .
can be replicated in the model by fixing the variables that control the process, such as geometry, so
that the following criteria is met:

Im
Tp

= ] 1.4-8

A deviation from unity indicates the possible deviation of the proposed test design from the plant.

The transients modeled at the OSU facility were SBLOCA transients that transition into the LTC mode
for the AP600 design. Since the operating pressure for the OSU facility was chosen as 400 psia, a
scaling approach was needed to develop the test design so that the most important parameters
identified in the PIRT would be preserved.

The SBLOCA and LTC scenario shown in Figure 1.4-2 indicates the five periods of interest. After the

initial blowdown phase, there are extended periods of single- and two-phase natural circulation as the

reactor system drains. Eventually, the ADS valves will open, creating a larger break, which will

depressurize the primary system down to containment pressure. This is the ADS operational period.

Once IRWST injection begins, there will be a two-phase natural circulation cooling mode with

injection from the IRWST and venting from the ADS-4 valves located on the hot legs. This is the

IRWST injection period. The LTC period begins as IRWST and sump injection continues for .
extended times. The LTC mode is with injection from the IRWST or sump and venting through the

ADS-4 valves,

A top-down scaling analysis was performed using the SASM methodology for both single- and two-
phase natural circulation. The objective of the scaling analysis was to scale the steady-state single-
and two-phase natural circulation flow rates and the natural circulation heat transfer. A bottom-up
scaling was then performed to develop the similarity criteria to specifically scale the core and SG heat
transfer regimes, flow regimes and transitions, frictional and form pressure losses, and critical heat
flux. To maintain similarity, the IT values developed from the dimensionless conservation equations
should be preserved nr the ratio of the groups should be unity.

The scaling study requires the user to choose a length scale and an area or diameter scale for the
facility to satisfy the system of equations, power requirements, and geometric representation of the
facility rciative to the plant. Other scaling considerations such as flow regimes in the loop piping
must also be considered. Small diameters distort the flow regime and have different transitions
between the flow regime compared with the prototype. Small-diameter pipes also have different
two-phase counter-flow behavior compared with the prototype. Reduced size can also cause
mantfacturing problems for the core heater simulators,

An evaluation determined that a 1/4-length scale was the most appropriate for the OSU facility since it .
minimized the power requirements while maximizing the height. A 1/4-scaled facility also had
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sufficient volume and size to correctly model the plant pressure drop and possible three-dimensional
flow behavior that could occur in the simulated reactor vessel, plenums, and downcomer. To chose a
consistent diameter scale, a simple relationship was derived from the one-dimensional momentum
equation to relate the length ratio to the diameter ratio. The choice of the diameter ratio was further
verified with a bottom-up scaling approach in which the two-phase flow regimes and transitions
between flow regimes were examined using the work of Taitel and Dukler.™ The possible distortions
in the flow regimes and their transitions was also examined for the horizontal piping following the
approach of Schwartzbeck and Kocamustafaogullari.® The flooding review by Bankoff and Lee"”
was also used to verify that the chosen diameter ratio would have minimum surface tension effects if
flooding occurred. Using this approach, the facility dimensions could be specified with confidence
that the key parameters and phenomena identified in the PIRT would be preserved in the OSU facility
so that the resulting data could be used for AP600 safety analysis code validation,

The OSU tests were designed to start in an all-liquid recirculation mode with the simulated RCPs
operating with system pressure at about 400 psia. When a break is initiated, the system begins to
depressurize. To preserve the depressurization behavior of the OSU facility, a reference pressure was
selected and a scaling rationale developed to relate the lower pressure OSU tests to the higher-pressure
AP600 transient for the depressurization transients. The results of the scaling approach were used to
develop the relationships that led to selection of the OSU facility break areas, ADS valve areas,
accumulator gas pressure, and SG secondary-side safety pressures to preserve the scaling relationships
between the facility at its reduced pressure and the AP600 plant at its higher pressure. The scaling
process used is shown in Figure 1.4-3, in which a top-down scaling approach was used to develop the
systems scaling analysis for a simplified control volume of the reactor primary system. A bottom-up
approach was then used to develop the fluid property relationships for the depressurization transients.
The approach, originally developed by Kocamustafaogullari and Ishii""’ and expanded on by
Moskal,"* was extended to relate the OSU fluid property conditions to the AP600 plant conditions.
Moskal defines the property relationship:

Yy-_200 1.4-9
p"pllhl.

as the key property group to be preserved. This particular grouping also appears in the coefficients for
the core velocity from the two-phase natural circulation loop scaling analysis previously described.
The fluid properties and depressurization approach is to select a reference pressure for both the OSU
facility and the AP600 that will capture the important parameters identified in the PIRT. Examining
Figure 1.4-2, the AP600 primary system pressure will stabilize, after the initial subcooled blowdown,
to a near constant value, slightly above the safety valve setpoint for the SG secondary side. The
primary pressure will remain at this value for a relatively long period, depending upon the break size
and when the ADS activates, which wili depressurize the primary system to the containment pressure.
During this time period, the passive safety-related systems of the AP600 will be in operation and the
phenomena of importance, which are identified in the PIRT, will be present. Therefore, the
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secondary-side SG safety valve setpoint pressure was chosen as the reference pressure for the AP600 .
plant. Note that this ignores the subcooled depressurization portion of the transient which, for a
SBLOCA, is a short period compared with the total transient length.

A similar reference pressure can be chosen for the OSU facility where the primary pressure stabilizes |
above the SG pressure, so that: ‘

aes

where:

Yo], = OSU reference pressure
Yol, = AP600 reference pressure

The top-down and bottom-up pressure scaling must also be consistent with the natural circulation
scaling, which establishes the facility volume, time, and velocity scaled ratios given the selection of
the length and diameter for the facility.

The bottom-up pressure scaling examined the critical flow through the break and the ADS valves, and ‘
developed the relationships for the break areas and the valve areas that were consistent with the fluid

property scaling given above. Therefore, given a break size in the AP600, a corresponding break size

can be calculated for the OSU facility that will maintain the time, velocity, and volume scaling for a

selected length and diameter scale which was chosen from the two-phase natural circulation scaling

relationships.
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TABLE 1.4-1
GENERAL SYSTEM HIERARCHY:

OSU/AP600 SCALING ANALYSIS

SYSTEM: Primary loop
SUBSYSTEMS: PRHR, CMT, IRWST, accumulator, ADS, LCS recirc. system

MODULES: Reactor core, pressurizer, steam generators, hot legs, cold legs, reactor coolant pumps,
interconnecting piping

HCONSTITUENTS: Steam-liquid nuxture, stainless steel structure
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Figure 1.4-1 Decomposition Paradigm and Hierarchy”
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Figure 1.4-2 AP600 SBLOCA Scenario
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Figure 1.4-3 Scaling Analysis Flow Diagram for System Depressurization
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1.5 Test Scaling Assessment and Dimensions

To assess the scaling of the OSU facility, both the proposed scaled facility and the AP600) were
modeled using the NOTRUMP, A Nodal Transient Small-Break and General Network Code."” The
objective of this study was to investigate whether the OSU facility response to a small-break transient
would be similar to the response of the AP600. A 2-in. cold-leg break on the CMT-side of the plant
was selected. The OSU facility initial conditions for this break are shown in Table 1.5-1. Table 1.5-2
shows the scaling relationships between the plant and the OSU facility, which account for the time
scale difference (two-to-one for OSU) and the normalization of flow, pressure, two-phase mixture
levels, and total system mass.

Figure 1.5-1 compares the normalized pressure transient for the plant and the OSU test facility and
indicates that reasonably good agreement was achieved. The reference pressure chosen is based on
when the primary pressure stabilizes above the secondary-side pressure at time, t,. The normalized
CMT levels are shown in Figures 1.5-2 and 1.5-3, and the normalized accumulator levels are shown in
Figure 1.5-4 and 1.5-5. These figures are in good agreement and indicate that the scaling correctly
preserves the timing of the events for the OSU facility compared with the AP600 when the time
scaling logic is applied. ADS 1-3 flow is shown in Figure 1.5-6 and is in reasonable agreement
between the test facility and the plant. Break flows are compared in Figure 1.5-7, and a difference
between the facility and the plant is indicated. One possible explanation for the difference is that,
when scaling the critical flow area for the break, a quality of the flow must be assumed. In reality,
the quality of the flow at the break is not a constant and will change with time. Furthermore, exact
similitude cannot be simultaneously achieved for both the break energy flow rate and the break mass
flow rate with a reduced pressure scale. However, the integrated mass inventory similitude can be
preserved. Figure 1.5-8 shows the normalized mass inventory for both the test facility and the plant.
Again, agreement between the two calculations is very good, indicating that the scaling approach will
yield thermal-hydraulic phenomena similar to the AP600.

In addition to the NOTRUMP code calculations that compared the OSU and the AP600 response, the
results from the SPES-2 and OSU tests can be compared to investigate the scaling performance of the
OSU facility. Comparisons of a 2-in. cold-leg break from SPES-2 Test S00303" have been made
with OSU Matrix Test SBO1.

The derived OSU scaling factors were applied to the SPES-2 results to compare time, pressure, and
flow rates. The OSU time scale was multiplied by a factor of 2. The OSU pressure scale was
normalized using the reference pressure (maximum pressure on secondary side). Similarly, the SPES-2
pressure scale was normalized using the reference pressure for the test. The flow rate normalization
factor in SPES-2 was the maximum flow rate for the process being examined. For purposes of
comparison, the flow rate normalization factor in OSU was the maxirwum flow rate observed for the
identical process in SPES-2 multiplied by the ratio 395/96. Thus, the flow rates can be compared on a
similar basis.

mAape00\2 344w son: 1b- 100995 1.5-1 REVISION: 1



A 2-in. cold-leg break was simulated in both the OSU and SPES-2 facilities. The break location for
these tests was the bottom of a single celd leg. Each system was at its steady-state initial condition at
break initiation. Subsequent depressurization behavior was recorded for each facility, and key data
plots are presented for the purpose of comparison. The vertical axis of each graph has been
normalized as described previously,

Figure 1.5-9 presents a comparison plot of the SPES-2 and OSU reactor vessel pressure histories and
Figure 1.5-10 through 1.5-14 present the daia comparisons for the key passive safety systems.

In general, the data comparisons for the 2-in. break case indicate good agreement. The timing of key
events, such as ADS valve actuation, were preserved. One difference can be identified in

Figure 1.5-14, however, where it is observed that the onset of IRWST injection was delayed in the
OSU facility relative to SPES-2. The difference in the IRWST injection time is due, in part, to the
oversizing used in the SPES-2 facility.

Similar comparisons were performed for the DEG DVI line break, and the agreement between OSU
and SPES-2 was very good. These comparisons of a fuli-height, full-pressure test facility with the
OSU reduced-height, reduced-pressure facility support the scaling logic used in the OSU test design.

As with any scaled test, scaling distortions are unavoidable, therefore, the purpose of the PIRT is to
identify the most important processes to be scaled so that the system response is most prototypical. In

the OSU Facility Scaling Report,”’ Section 10.2 specifically discusses scaling distortion for the facility,

and an evaluation is made of the scaling distortions on the primary parameters developed from the
PIRT. The results are provided in Table 1.5-3. As the table indicates, all of the important pi ratios
are within 20 percent, which is acceptable in terms of the uncertainties for scaling of the tests.

The depressurization ratio given in the table incorporates the use of the revised depressurization
scaling, which uses the system energy and volumetric scaling as a basis. This portion of the scaling
was revised after the completion of the Westinghouse tests at OSU. The original scaling for the
breaks, which was used for the tests in this report, used the break-dominated depressurization process
described in Section 5.4.1 of the Facility Scaling Report.”’ This scaling approach was used for all
breaks modeled in the OSU tests given in this report as well as the OSU Final Data Report.”’ This
scaling process is valid for break sizes of 2 in. or more, but was found to be inaccurate for smalier
breaks. Therefore, the 1-in. cold-leg break and the 1/2-in. cold-leg breaks are oversized when
considering the cystem energy and volumetric scaling methodology. The ratio of the break diameter
scale factors between the two methods is given in Table 5-6 in the Facility Scaling Report,”’ and is
1.5. The break areas used for the Westinghouse tests were greater than the scaled values; therefore,
the timirg of the events for these 1-in. and 0.5-in. tests will be distorted from the properly scaled
values, and the events and total transient will be shorter than the revised scaling would predict.
Revision of the scaled break diameters is the only significant re-scaling for the OSU test facility. This
distortion only affects a few tests; the remaining tests have the properly scaled break diameter. Data
for the affected tests are still suitable for the purposes of computer code validation, since the break
area used in the test can be simulated in the code prediction of the test.
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TABLE 1.5-1
INITIAL CONDITIONS FOR OSU TEST FACILITY

TO MODEL A 2-IN. COLD-LEG BREAK

Reactor Cooling System

| Core Power 0.700 MWt
ICore Flow 116.7 Ibisec.
I Pressurizer Pressure 400 psia

Core Inlet Temperature 4104°F

Core Outlet Temperature 415.6°F

Secondary

SG Temperature 407.6°F

Break Size Simulated 2-in. cold-leg break
L_.__——.—L————————.J
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SCALE FACTORS TO RELATE THE AP600 PLANT
T0O OSU NOTRUMP CALCULATIONS

AP60O

TABLE 1.5-2

Osu

t_thl 1)

2%(1-t)

P/1080

P/320

Note:

WM6

w

¢ is the reference time when the primary pressure stabilizes above the secondary-side pressure.
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TABLE 1.5-3
DISTORTION ¥ 000 coRUTGE APSOO DOMINANT PROCESSES IDENTIFIED

© UG THE H2TS METHODOLOGY

Characteristic (DF) Operational
Time Ratio (%) Mode
Iy, 0 * |¢ natural circulaton
I, 0 *  1¢/2¢ natural circulation
I, 0 *  2¢ natural circulation with fluid
property sumilitude/LCS recirculation
I, (Not scaled) e  2¢ natural circulation pressured
scaled - core void fracuon preserved
nstead of I,
/¢, 0 ¢ Depressurization - 1-in. cold-leg
break (energy dominated)
M o 17.4 e CMT draining with hot walls
) | 2.8 *  CMT draining with cold walls
| § (Pa— 6.3 *  CMT dramning with cold walls f
My mws: 0 * [RWST draining (property
similitude)
M, wwsr 0 o [RWST draining (property
similitude)
M wwsr 9.5 » [RWST heat up (pressure scaled)
I, jewsr 19.1 « [RWST heat up (pressure scaled)
I, e -16.7 *  Downcomer heat transfer during
Accumulator injection
| S TBD* *  Sump filling and recirculation

AP6(0 data not available
mm

*TBD - To be determined
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Figure 1.5-1 Normalized Pressure Comparisons between AP600 and OSU Facility
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Figure 1.5-2 Normalized CMT-1 Level for AP600 and OSU Facility
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Figure 1.5-6 Normalized ADS 1-3 Flows for AP600 and OSU Facility

mAaps02 344w, non: 1b- 100995 1.5-11 REVISION: 1



'APS00 | OSU NORMALIZED BREAK FLOWS

WFL 80 OSU REFERENCE FLOW
gy WFL 80 APSOO NORM. FLOW

% ¥ @

wn
LA SN S 4

NES

e e

LI I B 1

= SRR " 4 & L A | A A " i 4 A i

-500 500 1000 1500
Reference time (AP600 time)

Figure 1.5-7 Normalized Break Flow for AP600 and OSU Facility
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Figure 1.5.9 Comparison of OSU and SPES-2 CMT-1 Injection Flow Rate
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2.0 FACILITY DESCRIPTION SUMMARY

The OSU low-pressure integral systems effect test facility is a scaled representation of the AP600.
The design operating conditions for the facility are 400 psig at 450°F. The facility includes all the
passive safety-related injection systems that appear in the AP600 design, as well as nonsafety-related
injection systems such as the normal residual heat removal system (RNS) and chemical and volume
control system (CVS).

The test facility operated in a steady-state fashion with a maximum electrical power of 660 kW, using
four primary system recirculation pumps and two SGs. SBLOCAs are simulated using break spool
pieces. The break can be located on the hot legs, cold legs, DVI lines, or cold-leg balance line. The
test facility is designed to simulate the scaled decay power of AP600.
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2.1 Overall Facility Description

The OSU test facility is a scaled model of the AP600 reactor coolant system (RCS), steam generator
system (SGS), passive core cooling system (PXS), automatic depressurization system (ADS), lower
containment sump (LCS), chemical and volume control system (CVS), and normal residual heat
removal system (RNS). In addition, the facility is capable of simulating the AP6(0X) passive
containment cooling system (PCS) condensate return process. Figure 2.1-1 is an isometric drawing of
the test facility, and Figure 2.1-2 is a simplified flow diagram of the test facility. The facility reflects
the scaled AP600 geometry, including the piping routings. All components and piping are fabricated
from austenitic stainless steel. The relative locations of all tanks and vessels—such as the IRWST,
CMTs, and accumulators were maintained as determined by the scaling approach. The facility uses a
unique break and ADS measurement system (BAMS) to measure two-phase break and ADS flow.

The RCS is composed of a reactor vessel, which has electrically heated rods to simulate the decay heat
in the reactor core. and two primary loops. Each primary loop consists of two cold-leg pipes and one
hot-leg pipe connecting a SG to the reactor vessel. A reactor coolant pump (RCP) on each cold leg
takes suction from the SG channel head (downstream of the SG U-tubes) and discharges it into the
downcomer region of the reactor vessel. A pressurizer with an electric heater is connected to one of
the two hot legs through surge-line piping. The top of the pressurizer is connected to the ADS 1-3
line. An ADS-4 line is connected to each hot leg.

The reactor vessel contains two DVI nozzles that connect to the DVI lines of the PXS. A flow venturi
is incorporated in each DVI nozzle to limit the loss of inventory from the reactor vessel in the event of

a double-ended DVI line break.

This test facility models the primary and secondary side of the SGs with one generator per primary
loop. A simulated feedwater line is used for each loop to maintain proper secondary water level. The
steam produced in each generator is measured and exhausted to the atmosphere through a common
diffuser and stack.

The test control logic simulates the response of the AP600 by providing an S signal at a fixed time
following a break.

The passive safety injection systems consist of two CMTs, two accumulators, one IRWST, and one
passive residual heat removal heat exchanger (PRHR HX). The test facility simulates the AP600
IRWST with a cylindrical tank with scaled water volume and height. The IRWST is located above the
reactor core; two injection lines connect to the two DVI lines. Each IRWST injection line also
connects to the sump tank with interconnecting piping and isolation valves, The PRHR HX is located
inside the IRWST, using IRWST water as the heat sink. The inlet of the PRHR HX is connected to
the pressurizer-side hot leg via a tee at the ADS-4 line, and the outlet is connected to the SG channel
head at the cold-leg side. Since the inlet is hot and the outlet is cold, water is circulated through this
system by natural convection. The water volume and elevation of each CMT are scaled and modeled.
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They are elevated above the reactor vessel and the DVI lines. A line connecting the top of each CMT
to its cold leg provides pressure balance between the RCS and the CMT. Therefore, the CMT injects
cooling water by its own elevation head. The accumulators are also modeled with scaled volume and
height. However, they are pressurized with nitrogen and, therefore, inject when RCS pressure is below
the preselected scaled accumulator pressure,

The AP600 uses four stages of valves to depressurize the RCS. The first three stages of the ADS are
provided through connections to the pressurizer These three stages are arranged in parallel, with each
stage containing two lines with each line containing an isolation and control valve. The fourth stage
of the ADS contains four separate lines.

The OSU test facility uses only one set of valves to model the ADS 1-3 stages for AP600. This is
done using removable flow nozzles to match the scaled flow characteristics of either one or two lines
of valves. The lines of ADS 1-3 split into parallel lines from one connection off the pressurizer in the
AP6).

The discharge lines from the ADS 1-3 valves are joined into one line connect 1 to the ADS 1-3
separator. This two-phase flow is separated using a swirl-vane separator. The liquid and vapor flows
are measured to obtain the ADS total flow for mass and energy balance analysis The separated flow
streams are then recombined and discharged into the IRWST through a sparger.

The OSU test facility uses one ADS-4 line connected to the top of each hot leg. Each line contains a
pneumatically operated, full port ball valve acting as the ADS-4 isolation valve and a flow nozzle
simulating the flow area in the AP600. Two sets of flow nozzles are used in the test: one simulates
100-percent flow area and the other simulates 50-percent flow area. In the test facility, ADS-4
discharge flows to the ADS-4 separators, where the steam and liquid flows are separated and
measured. Steam flow is measured and exhausted to the atmosphere.

The lower containment sump in the AP600 consists of two volumes: normally flooded and normally
nonflooded. The normally flooded volume consists of those compartments which collect liquid break
flow and ADS flow. The normally flooded volume is modeled in OSU with a cylindrical tank,
identified as the primary sump tank. The normally nonflooded volume includes those compartments
which do not collect any liquid flow. The normally nonflooded volume is modeled in OSU with a
cylindrical tank, identified as the secondary sump tank. These two tanks are connected with a hine at a
level simulating the curb level in the AP6(0X.

In the AP60X), the RNS is used to provide nonsafety-related cooling water injection to the reactor core.
The RNS pump takes suction from the IRWST and discharges it into the DVI lines. The test facility
RNS pump takes suction from the IRWST at the scaled location and elevation and discharges equal
flow to both DVI lines at scaled locations.
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BAMS is uniquely designed for the test facility to indirectly measure two-phase flow and energy
leaving the break and ADS location. This system separates two-phase flow into single-phase liquid
and single-phase steam flows for direct fiow rate and temperature measurements. The BAMS consists
of steam-liquid separators and the interconnecting pipes and valves to the various break sources, the
primary sump tank, the ADS 1-3 lines, and the main steam header.

Two-phase flow (steam and water) from the ADS 1-3 lines enters the ADS 1-3 separator, where the
steam is separated from the mixture. Steam flows out of one outlet while liquid drains Gown the
other. These two lines recombine the separated flows downstream and discharge into the IRWST via
the sparger located insicz the IRWST. Therefore, the mass and energy from ADS 1-3 is transferred to
the IRWST as in the AP600.

Two ADS-4 separators arc used, one for each ADS-4 line. Each ADS-4 separator separ.tes two-phase
flow into single-phase steam and single-phase liquid for flow rate, pressure, and temperature
measurements. The steam line connects to a common stearn header, and the liquid line connects to the
primary sump tank. These connections simulate the ADS-4 operation process in the AP600, where the
steam flow rises to the containment wall and liquid drains to the sump.
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2.2 Facility Instrumentation

OSU used standard instrumentation to indicate mass, flow, temperature, and pressure in the system and
components. The instrumentation plan was sp=cifically designed to provide a transient mass and
energy balance on the components and for the entire system. Details of the instrumentation and its
performance can be found in the OSU Final Data Report.”"’ The function of each of the instruments is
discussed below. The use of the instruments for the mass and energy balances is provided in

Section 4.

2.2.1 Differential Pressure Transmitters (FDP, LDP, DP)
Differential pressure transmitters measure the flow (FDP), or the level (LDP), in the system.

The only application of FDPs is to measure differential pressure across the flow orifices in the ADS-1,
ADS-2, and ADS-3 lines (FDP-604, FDP-605, and FDP-606, respectively).

The level (LDP) transmitters measure levels in the facility tanks, the RCS hot-leg and cold-leg pipes,
SG tubes, and PRHR HX tubes. The LDPs were designed to measure level (mass) in a component
and were calibrated at ambient temperature. The level data recorded by the facility's data acquisition
system (DAS) were uncompensated for temperature. The resulting signals were temperature
compensated for the mass and energy balance calculations.

2.2.2 Pressure Transmitters

Pressure transmitters (PTs) are identical to differential pressure transmitters except that the low-
pressure side of the transmitter senses atmospheric pressure.

2.2.3 Magnetic Flow Meters

Foxboro™ magnetic flow meters (FMMs) were used to measure liquid flow, in the different liquid
solid lines. The FMMs are not designed to accurately measure steam or two-phase flow, and the data
from the transmitters are invalid when either of these are measured.

Fourteen Foxboro™ vortex flow meters (FVMs) were used to measure steam flow in the test facility.
The FVMs measure steam flow from the ADS 1-3, ADS 4-1, ADS 4-2, and break separators. In
addition, they measure steam flow from the primary sump, the IRWST, and the BAMS header. These
meters are known to have a manufacturer’s warranted cutoff of 141 actual ¢fm (acfm) which means
they may not detect flows below 0.088 Ibmv/sec. at ambient conditions.
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2.24 Heated Phase Switches

Heated phase switches (HPSs) manufactured by Reotherm™ were used to indicate fluid phase in
different components. There are 12 switches: one each on the cold and hot legs, CMT balance lines,
PRHR HX inlet, and ADS 1-3 header. In addition, two switches are installed in the pressurizer surge
line. The HPSs were usually used in conjunction with an LDP to indicate a separate level in a
component.

2.2.5 Heat Flux Meters

Heat fiux meters (HFMs) were used to measure heat flux through pipe or tank walls to indicate heat
loss, The small, wafer-thin instruments are glued to a pipe or tank surface. Three thermocouples are
imbedded into each HFM. Two thermocouples measure temperature on either side of the HFM. The
thermocouple signals are measured by the DAS, and their temperature difference is converted to a heat
flux using coefficients provided by the vender. The third thermocouple measures the temperature of
the surface.

2.2.6 Load Cells

The mass of water in the IRWST, primary sump, and secondary sump was measured by load cells
mounted under the four supports of each tank. After the transmitter load cell was calibrated, it
measured only the weight of water in the tank. The transmitter also provided local indication of
weight in the tank for use by test >arsonnel. The load cells were found to be sensitive to variations in
ambient conditions, and thus, are not :sed for absolute measurements. Their readings are valid for
tracing short time scale variations in mass.

2.2.7 Thermocouples

Thermocouples are assigned one of four instrument designations, depending on the thermocouple's
application. A TF thermocouple inserted through the wall of a pipe or tank is mounted on a
thermocouple rod. TW thermocouples are mounted on the inside or outside walls of a tank or pipe.
TR thermocouples, unique to the reactor vessel, are mounted on vertical thermocouple rods installed in
the reactor vessel, TH thermocouples are mounted on the heaters for the reactor vessel and the
pressurizer. Thermocouple type and diameter are specified in Appendix C of the OSU Final Data
Report.""

The reactor vessel contains TH thermocouples to measure temperatures of selected heaters. Selected
heater thermocouples are used as inputs to the safety shutdown of the reactor heaters to detect
abnormally high temperatures..

Thermocouples mounted in hollow rods (TR thermocouples) are unique to the reactor vessel. Five
thermocouple rods are installed in the reactor vessel to provide radial and axial fluid temperature
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distributions in the heated section of the reactor vessel. Each rod contains thermocouples mounted
along its entire length. Thermocouples protrude from the hollow rod and are sealed from the outside
with silver solder.

The CMT. are instrumented with numerous fluid and wall thermocouples o measure the CMT wall
heat flux and temperature, as indicated in Appendix G, Dwg. OSU 600501 and 600502 of the Final
Data Report.""’ Each CMT contains one long and two short thermocouple rods instrumented with
thermocouples along its entire length. In addition, inside and outside wall thermocouples, fluid
thermocouples installed 1 in. from the inside wall, and tank centerline thermocouples are installed at
the same elevation to measure the temperature of the fluid and walls at that elevation.

The IRWST also contains two thermocouple rods to measure the energy gain in the IRWST as shown
in Appendix G, Dwg. OSU 600701 of the Final Data Report."’

One long and one short tube of each SG are instrumented with shell-side (secondary-side) wall
thermocouples and tube-side (primary or RCS-side) fluid thermocouples as shown in Appendix G,
Dwg. OSU 600301 of the Final Data Report."”
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30 TEST SUMMARY

The “ollowing sections describe the test matrix and the data validation processes used for the
low-pressure integral sysiems tests performed ai OSU. The initial test validation process was based on
specific instruments that were required to function or selected backup instruments that were available,
The OSU Final Data Report’ describes the instrumentation from the tests and assesses their
performance and reliability. This report utilizes the valid instrumentation iv inierpret the data.
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3.1 Test Validation

As described in the OSU Final Data Report,”” the OSU test facility data were reviewed and validated
using a three-step process. The first step was performed at the OSU test facility. Immediately
following each test, the data were recorded on a compact disc as a read-only file, and documented in a
Day-of-Test Report. The Day-of-Test Report evaluated the test from a very basic standpoint, including
operability of key instruments and deviations from specified initial conditions. The Day-of-Test
Report also documented any facility modifications or onsite test observations. The Day-of-Test Repor:
assessed whether the test needed to be rerun because of some significant problem observed during the
performance of the test.

The cverall test acceptance criteria are shown in Table 3.1-1. The critical instruments were the
minimum set of instruments required to perform a t-ansient, component-by-component mass and
energy balance,

The second step in che data validation process was performed by the test engineering personnel at the
Westinghouse Energy Center in Monroeville, Pennsylvania. This step was performed after receiving
the Day-of-Test Report and processing of the data. This data validation was documented in the Quick
Look Report (QLR). The QLR provided a preliminary validation of all test data. The key purpose of
the QLK was to issue some pedigree of the data, without specifically evaluating the data for code
validation purposes (reviewed, but not yet validated, data) shortly after the test was performed.

The third step was a detailed review of the transient progression, facility and component performance,
and cross-test comparisons as reported in the Final Data Report.”’

This report utilizes the insight derived from the instrumentation performance and the transient
progression gained in the Final Data Report"’ to determine and understand the thermal-hydraulic
behavior of the facility during each test. The objective ot the analysis is to provide the explanation of
the test facility response.
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| TABLE 3.1-1 |
OVERALL ACCEPTANCE CRITERIA |

. Test initial conditions shall be achieved n a specified tolerance.

. Setpoints shall be achieved in an acceptable tolerance band.

. Sufficient instrumentation shall be operational before the test (exceptions shall be approved by the
Westinghouse test ecgineer).

. Cnitical instruments not operating shall be identified to the Westinghouse test engineer before the
tests. These instruments must be operational before and during the test, or exceptions should be

approved.
. A zero check of LDPs, DPs, and FDPs shall be in acceptable tolerances.

The zero check was eliminated from the acceptance cniteria for Category III tests. The earlier pre-
test and post-test checks of zero shift showed acceptable vanation in the readings of these
mstruments. Performing these checks required that each ins . ament be manually 1solated and then
returned to service. Based on the consistency of the readings from earlier tests and the large number
of manual operations, it was decided that the nsk of an instrument remaining isolated after the check
was greater than an mstrument having a zero shift.
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3.2 Test Matrix

Before the test matrix was initiated, a series of pre-operational tests were performed to provide an
understanding of facility control and operating characteristics, to confirm design features essential to
scaling, and to check that the instruments and the data acquisition system (DAS) were performing as
expected. Tests were conducted while the facility was in cold conditions to measure sysiem pressure
drops and volume of the components. Pressure drops in the test facility were adjusted to the desired
scaled AP600 values by using orifice plates. Pre-operational testing was also performed in the hot
condition to characterize system heat losses. Results of the pre-operational tests are presented in
Section 4 of the OSU Final Data Report."”

System volume determination tests were performed for the accumulators, CMTSs, pressurizer, IRWST,
sumps, SG secondary sides, and reactor vessel to compare the actual volumes with the calculated
volumes for the facility used in the safety analysis computer codes.

"ine resistance determination tests were performed to measure line resistance for the accumulator lines,
IRWST lines, and sump injection lines for a eiven flow rate. The pressure drop in CMT injection and
ADS 1-3 lines was measured over a range of flows, Resistance of the RNS injection lines was
measured to demonstrate that the pressure drops were within 10 percent of each other. The RCP head
was measured for full flow and pump coastdown conditions. The line resistances also provided data
for the computer models of the test facility.

Three separate hot functional tests were performed. The objectives of the tests were to show proper
operation of the equipment prior to the formal matrix test program and to provide data necessary to
document temperature characteristics of the system. The first hot functional test measured the steady-
state heat loss, natural-circulation flow, and forced-flow characteristics. These tests verified the
calculations used to help size the test facility. OSU-HSO1 was performed to determine surface heat
losses from the system at 100°, 200°, 300°, and 400°F,; characterize passive residual heat removal
(PRHR) under natural circulation and forced cooling; characterize the primary cooling system at 100,
300, 500, and 600 kW, and characterize the CMT natural-convection characteristics. The objective of
the second test (OSU-HS02) was to verify the measuring capability of the break and ADS
measurement system (BAMS) and the control of the ADS. The third hot functional test was an
inadvertent ADS-1 actuation to assess overall facility performance prior to executing the formal matrix

test program.

The formal test matrix summary given in Table 3.2-1 was designed to provide a wide range of test
data on the performance of the passive emergency core cooling systems used in the AP600. The tests
were intended to provide overlap with the full height, full pressure SPES-2 tests™ as well as the
AP600 plant SSAR calculations. The test parameters investigated were:

¢ Cold-leg break sizes of 1/2, 1, 2, 4 (bottom of cold leg), and 4 in. (top and bottom of cold leg)

mA\ap6O02344- 3w non: 1b- 100995 1921 REVISION: 1



» Break locations of cold leg with CMTs, cold leg without CMTs, top of pipe, bottom of pipe, .
balance line breaks, DVI line breaks, and no breaks with inadvertent ADS actuation

» Different single failures, one of four ADS-4 valves, ADS-1 valves, and ADS-3 valves
* Beyond design-basis tests with multiple failures
¢ Spurious S signal (no break)

The break-size range and location, as well as the different assumed single-failure disruptions, provide a
thorough and comprehensive set of integral systems data for code validation.
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TABLE 3.2-1
OSU MATRIX TEST SUMMARY
— =
Break
Size and PRHR CVvs RNS ADS 41 ADS 42
Location HX Pump Pump (HL-1) (HL-2) Comments
2-m. CL-3 On Off 50-percent flow area 100-percent flow Failure of one of two lines in
bottom of cold leg in AP600 area m AP600 ADS 4-1; reference cold-leg break
(CMT side) case
4.in. CL-3 On Off Off 50-percent flow 100-percent flow Failure of one of two hines in
bottom of cold leg area i AP600 area m APSOO ADS 4.1
(CMT side}
2-mn. CL-3 On Off Off SO-percent flow 100-percent flow Same as SBO! except different break
to CMT-1 area m AP600 Area in AP600O location; asymmetric behavior of
balance line CMTs
SK10 DEG CL-3 1o CMT-i On Off Off S0-percent flow 100-percent flow Limiting break on balance line;
balance hne area in AP6DD area i APS00D asymmetric behavior of CMTs;
failure of one of two lines in
ADS 4-1
SB12 DEG DVI-1 On Off Off 100-percent flow 100-percent flow Limiting break on DVI hine; failure
line break area n area n AP600O of one of two fines of ADS-1 and
AP600 ADS-3
SBi3 2-m. DVI-1 On Off Off 50-percent flow 100-percent flow Same as SBO1 except different break
hine break area m AP600 area in AP600 location
SB14 Inadvertent ADS On Off Off 50-percent flow 100-percent flow No-break case with one failure of
{no break) area in AP6D0 area in AP600 two hnes m ADS 4-]
SB1S 2-.n. HL-2 On Off Off 50-percent flow area 100-percent flow Same as SBO! except break Jocation
bottom of pipe m AP600 area in AP600
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TABLE 32-1 (Tentinued)
OSU MATRIX TEST SUMMARY

ADS &1
(HL-1)

Comments

2-m. CL-3
bottom of cold leg
(CMT side)

50-percent flow
area in AP600

Repeat test of SBO!: confum bebavior
of system and mstrumentation

24n. CL-3
bottom of cold leg
(CMT side)

S0-percent flow
area m APS0O0C

Same as SBO1 except contamment
backpressure simulated

4-m. top of and 4-in.
bottom of CL-3
(CMT side)

50-percent flow
area m AP60O

Same as SBO1 except larger break
size, largest break size simulated in
matnix tests

Note:

172-m CL-3
bottom of cold leg
(CMT side)

50-percent flow
area in AP600

DEG -- double-ended guillotine
PRA -- probabiiistic nisk assessment

area m AP600

l__aénﬂ—“ =

Same as SBOI except smaller break
size




4.0 DATA REDUCTION METHODOLOGY

The OSU test facility is a scaled model of the AP600 and its passive emergency core cooling systems
that were used to perform selected tests to study the thermal-hydraulic behavior of those systems under
postulated accident conditions. Data collected from the facility included fluid, metal, and ambient
temperatures, pressures, liquid levels, differential pressures, volumetric flow rates and power supplied
to the core simulation. These data were used as inputs to calculations of instantaneous and integrated
masses, mass flow rates, energy, and energy transfer into and out of facility components.

The AP6O0 incorporates and takes advantage of passive safety systems features, that is, flow is driven
by differences in temperature (natural convection) and elevation heads (gravity). The Oregon State
University (OSU) test facility is a scaled model of the systems and components important to the
accident mitigation capability of the AP600 design. Data collected from the OSU test program are
used to validate the safety analysis codes used to predict the performance of the passive safety system
for design-basis accidents.

Computer software has been developed to reduce the experimental data collected from the OSU test
facility into engineering parameters against which code predictions may be directiy compared. The
data analysis software performs calculations and generates plot files that contain these calculated
engineering parameters. The calculations performed by this software include mass and energy

balances for the system.

Sections 4.1 through 4.22 describe the underlying assumptions, conversions, corrections and
compensations made (o the data; the formulation of the mass and energy equations for each component
included in the OSU test facility; and the formulation of the overall system mass and energy balance
equations. Also, the nomenclature used in the development of the mass and energy equations is
defined in Subsection 4.0.1. The equations described in this section were coded in FORTRAN to run
on workstations. Results obtained from this code were used as the basis of the analyses presented in
Sections S, 6, and 7.

4.0.1 Nomenclature

This section contains the nomenclature utilized throughout Section 4. In certain subsections, specific
conversion constants and subscripts are defined, where applicable, within the subsection.

p = Density, Ib/ft.’

A =  Area, in’

G, =  Specific heat, at constant pressure, Btw/(Ibm-°F)
g =  Specific heat, at constant volume, Btw/(lbm-°F)
Az =  Height of water, ft.

D =  Diameter, in.
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e =  Emissivity .
E = Energy, Bt

2 =  Gravitational acceleration, 32.2 ft./sec.’

2. = Conversion constant, 32.2 (Ibm-ft./bf-sec.’)

h =  Enthalpy, Bu/lbm

H =  Heat transfer coefficient, Buwhr - ft.” - °F

k =  Mean thermal conductivity, Btu-in/a - ft.* - °F

L =  Elevation, in.

LDP =  Level transducer reading, in.

M =  Mass, Ibm

M =  Mass flow rate, Ibm/sec.

P =  Pressure, psia

Q =  Rate of energy transfer, Btu/sec.

R =  Heat transfer resistance, (hr.-°F)/Btu

S =  Entropy, Bw/lbm - °F

span =  Waler level span within a tank, in.

t = Time, sec.

T =  Temperature, °F

U =  Stored energy, Btu

v =  Specific volume, ft."/ibm

v =  Volume, in.’

v = Void fraction ‘
w =  Volumetric flow rate, (ft.”/min. for steam, gpm for liquid)
X = Flow quality

X =  [Insulation thickness, in.

Z =  Compressibility factor

Subscri —

ACC = Accumulator

ADS = Automatic depressurization system

air = Air

AMB = Ambient

AVG = Average

BRK = Break separator tank

& # = Cold leg

CLBL = Cold-leg balance line

CMT/DVIL = Interface of CMT and DVI-line

CMT = Core makeup tank

COMP = Compensated

corr = Corrected value

CVS = Simulated nonsafety Chemical and Volume Control System .
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flux_conv
flux_rad
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H,0

HL

initial
inner_metal
IRWST INJ
LOCAL
LOW
mean_metal
metal

mix

out

outer_conv_metal

outer_metal

outer_rad_metal

OVERFLW
READING
ref

RNS

RODS

SAT

SG

STM VENT
STM XHST
transient
zone

Downcomer

Deficit

DVI line

Liquid phase of water
Vaporization

Fluid in the control volume
Flux

Convective flux

Radiative flux

Steam

Water (liquid and steam)

Hot leg

Initial

Inner surface of metal

IRWST injection

Local

Low threshold

Average metal surface

Metal

Mixture of liquid and steam
Out

Convection at outer metal surface
Outer surface of metal
Raciation at outer metal surface
Overflow

Recorded by the data acquisition system
Reference

Simulated nonsafety Normal Residual Heat Removal System
Heated rods

Saturation

Steam generator

Steam vent

Steam exhaust

Transient

Zone

4.0.2 Energy Equation Approximation

Several assumptions were made in calculating the total energy associated with the working fluid in the

test, these are:

1. The total energy of the fluid is approximated by the enthalpy of the fluid. Kinetic and
potential energy are neglected.
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2. The enthalpy of the fluid is approximated by the specific heat of the fluid.
3. The change in physical properties between two consecutive time-steps is negligible.

The equation for calculating the change in fluid energy may be represented as:

E du de, MT)  Ale, M T)

Pusissiligpe.ricar 4.0.2-1
dt dt dt At

where all terms are for fluid at local conditions. Assumption 3 provides for the specific heat at
constant volume to be taken as constant over a time interval:

L ac M8 D 4022
dt At

Assumptions 1 and 2 provide for the specific heat at constant volume to be replaced by the specific

heat at constant pressure:

JE_ AMT) 4033
dt At

For the liquid phase of water, the specific heat at constant volume is approximately equal to the

specific heat at constant pressure:

c,=C 4.02-4

Thus, equation 4.0.2-3 holds for the liquid phase of water. For vapor, the definition of enthalpy is
noted to be:

h=U=+Py 4.0.2-5

where the product of the pressure and specific volume may be significant. However, both the mass of
vapor (steam) and the change in vapor mass is small for the OSU tests. Thus, the contribution of the
pressure/specific volume term to the total energy associated with a given component, including the
reactor vessel simulation, is very small. Thus, the specific heat at constant pressure provides a
reasonable approximation of the total energy associated with the steam in the OSU tests.

403 Ambient Conditions

Ambient pressure and temperature for the test facility environment were monitored during each test.
The ambient pressure data channel was used to convert data from urits of psig to units of psia for
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. subsequent calculations, as opposed to using the constant 14.7. Ambient temperatures were used (o
evaluate heat loss from the test facility to the ambient. The ambient test facility environment was
monitored by the following data channels:

Channel 1D Function

PT-003 ambient pressure

TF-005 ambient temperature, lower elevation of test facility; | J**¢ elevation
TF-006 ambient temperature, middle elevation of test facility: [ J**¢ elevation
TE-007 ambient temperature, top elevation of test facility; | |**¢ elevation

-
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4.1 LDP Compensation Function

Level transducers measure the variation in density of a vertical span relative to a reference. When the
reference and the measured span are not at the same temperature, the effect of density differences
needs to be accounted for to obtain a “true” level. The method of applying a compensation to level
transducer outputs 10 account for differences in fluid density between the measured region and the
reference leg is described below,

First, an average temperature for the column of water being monitored was calculated:

ET. L

T -‘.i 4.1"

where:
K = Temperature, °F
L = Span along the column that a temperature measurement was applied, in.

and the subscripts:
i = Index of measurement arrays
n = Total number of fluid temperature measurements in a column of water
AVG = Span-weighted average fluid temperature in the monitored water column
The fluid density in the monitored water column was then calculated as:
Pave = P (P, min (Tava: Tear) 4.1-2

where:

TSAT

Saturation temperature at local pressure
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The corrected f'uid level of ihe monitored water column (tha is, the compensated LDF reading ‘
denoted as LDP,.,,,) was calculated as:

62.303
LDP.oup * LDP 000 4.1-3
AVG
where:
62.303 =  Reference density of water, Ibm/ft.’
LDP = Reading from a level transducer, in.

and the subscripts:

COMP
READING

Density-compensated value
Data as recorded by the data acquisition system (DAS)

fl

All level transdacer data used in the calculation of mass inventories, energy of fluid volumes, and
inferred flows were density-compensated prior to being used in calculations.
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4.2 Selected [evel Compensations

A number of level transducer (LDP) readings were density-compensated, the majority of which were
calculated as part of the normal mass and energy calculations performed to support analysis of the
data. However, a number of other compensated LDPs were calculated to supnort the OSU Final Data
Report.”" The list of these compensated LDPs, together with Lie pressures and temperatures used to
compensate them, are listed in Table 4.2-1. The compensated levels are provided in the OSU Final
Data Report."’

Note that, since these LDPs are not directly used in the mass and energy calculations performed as
part of the analysis, no minimum or maximum range information is applied to the compensated LDP.
Also, where more than one temperature data channel is listed for a level transducer, a straight numeric
average on all the data channels is used. This is in contrast to the calculation modules, where,
typically, only the subset of submerged channels is used.
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TABLE 4.21

PRESSURES AND TEMPERATURES FOR COMPENSATED LDPs

Name Pressure Temperature(s)
CLDP-104 PT-102 TF-166, TF-164, TF-165, TF-167, TF-147, TF-148, TF-149, TF-150
CLDP-109 PT-10% TR-001-1, TR-001-2, TR-001-3, TR-303-1, TR-303-2, TR-303-3,
TR-313-1, TR-313-2, TR-313-3, TR-308-1
CLDP-110 PT-108 TR-001-4, TR-001-5, TR-001-6, TR-303-4, TR-303-5, TR-303-6,
TR-313-4, TR-313-5, TR-313-6, TR-308-2, TR-308-3, TR-318-1, TR-318-2
CLDP-112 PT-107 TF-169
LDP-115"
DP-114"
LDP-113"
CLDP-113 PT-107 TF-169
LDP-115"
DP-114"
CLDP-115 PT-107 TF-171
CLDP-116 PT-111 TF-126, TF-127, TF-162, TF-163, TF-164, TF-165, TF-155, TF-156,
TF-130, TE-131, TF-147, TF-148
CLDP-127 PT-107 TF-126, TF-127, TF-162, TF-163, TF-164, TF-165, TF-155, TF-156,
TF-130, TE-131, TF-147, TF-148
CLDP-138 PT-108 TR-001-1, TR-001-2, TR-001-3, TR-303-1, TR-303-2, TR-303-3,
TR-313-1, TR-313-2, TR-313-3, TR-308-1, TR-001-4, TR-001-5,
TR-001-6, TR-3034, TR-303-5, TR-303-6, TR-313-4, TR-313.5,
TR-313-6, TR-308-2, TR-308-3, TR-318-1, TR-318§-2
ﬂ CLDP-139 PT-107 TF-169
CLDP-140 PT-111 TF-126, TF-127, TF-162, TF-163, TF-164, TF-165, TF-155, TF-156,
TF-130, TF-131, TF-147, TF-148
CLDP-80! PT-22 TF-803
== L TS
Note:

(1) These level values were used to adjust the mcasured pressure from PT-107.
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4.3 Accumulators

Each of the two accumulators consists of a tank with a fluid flow path at the bottom connected to the
direct vessel injection line. The accumulator fluid mass conservation equations are described in
Subsection 4.3.1, and the fluid energy conservation equations are described in Subsection 4.3.2,

4.3.1 Fluid Mass Conservation Equations
The general fluid (H,0) mass conservation equation, which relates the change in stored fluid mass

with respect to time (the fluid-mass time derivative) to the mass flow rates in and out, reduces to the
following for each of the two accumulators, ACC,, where i = 1,2:

dMHlO.ACF .o il 4.3-1
S—— out H,0,ACC
where the subscript:
HO = water (liquid and steam)

Due to the fact that no steam is present in the accumulators, the fluid mass conservation equation
further simplifies to:

dM, e S 43-2

dl out {ACC

where the subscript:
f = liquid phase of water

From this point on in the discussions of the mass conservation calculations, the expressions will be in
the liquid-only form.

The left-hand side of the water mass conservation equation is approximated from the value of the
waler mass at two consecutive time points (denoted by subscripts n-1 and n):

dM(.A(x.' AM, o Ml.A(r.n ) M!,AC‘T‘,A—I

dt At -t
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The water mass calculations are based on measured water level. In general, the water mass may be
expressed as follows:

Miace = Puace X Viaee XC 434

where;
C = Conversion constant, in.” to ft.’

Due to the cylindrical shape of the accumulator tanks, the water volume is calculated as follows:

v = Lysce X Ajec 4.3-5

fLACC

Thus, the water mass expression becomes:

M(.A( c = Prace XLM‘T XA, e xC 4.3-6

Rather than using the LDP compensation method to calculate the corrected water level from the
measured water level as is done for many other OSU test facility components, an equivalent approach
was employed for the accumulators. Using the concept of head and recalling that measured water
levels (LDPs) are applicable (calibrated) at a reference density, the following is true:

AP [psi] = p_ xL_ x(£)xC =p_xLDPx(L)xC 437
8. ¢
so that, in the case of the accumulators:
Pace X Liacc = Prgace X LDP-XXX, 4.3-8
where:
LDP-XXX = Level instrument channel measurement, in.
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Thus, the water mass expression becomes:

M cc = Prgace XLDP-XXX,  x A, xC 4.3

In certain OSU tests, the measured water level for the accumulators was adversely impacted by air in
the sense line, For those tests, the following correction was developed:

LOP o X e KB M LDP-—XXXACC‘ 4.3-10

Y .cc, 15 the following constant based on initial conditions:

o X Vw.Acc,/Z.ucr,)mou 4.3-11

(Pyus X vw.AMliﬁm.AMB)mmd

y 1 SpaﬂAC(-
3aa (LD 'mm:c ) e

Fooo, 18 given by the following:

(PA(‘(' X \(w.A('('/znrA(,‘lT)vmfl

F o = [ Pt X Vase A Ze s amp) iia ] 4.3-12
ACC >

In the previous equation, the specific volume (ft./lbm) and compressibility factor of air are given by
the following functions of pressure (psia), respectively:

v, = 30139xPp' 7%
4313

Z, = 1L0x10*xP? + 3.0x10° xP + 1.0002

In the tests without air in the sense line, the factors Y, and F,.., are both set to 1.0 to deactivate
the LDP correction,
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Thus, the final expression for the water mass is as follows:

Miace, ® Prtace X LDP o poc X Ayee XC 43-14

This completes the discussion of the calculations related to the left-hand side of the water mass
conservation equation.

On the right-hand side of the water mass conservation equation, the calculation of the outlet water
mass flow rate is performed directly from the liquid volumetric flow rate (FMM) measurement as
follows:

M, ace = max(0.0, FMM-XXX, ) xp,q. xC, 4.3-15
where:
FMM-XXX, ¢, = Liquid flow rate measurement from flow meter FMM-XXX, gpm
C, = Conversion constant, gpm to ft."/sec.

The integrated outlet water mass flow is also computed for use in the overall systern mass balance.

The water density is simply the reciprocal of the water-specific volume:

1
Prace © T
LACC

4.3-16

The water-specific volume is calculated as a function of pressure and temperature from the ASME
steam table function VCL:

Vosoe ® YOUP 00 Toaor) 4.3-17

The water temperature is given by the fluid thermocouple measurement. Care is taken to insure that
the water temperature value employed is at or below the saturation temperature. Thus, for i = 1,2

Tiace = min(TF-XXX, o, Ty aec) 4.3-18
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where:
TF-XXX, 00, = Temperature reading from fluid thermocouple TF-XXX, °F

The saturation temperature is calculated as a function of pressure from the ASME steam table function
TSL as follows:

TSI.A(_‘(' - TS]-’(PA(*(‘) 43 lg

Accumulator pressure, P, . is set equal to the value from the corresponding PT-XXX, -,
measurement after conversion from gauge (psig) to absolute (psia) pressure.

This completes the discussion of the calculations related to the right-hand side of the water mass
conservation equation.

Note that in the case of the accumulators, it is possible to calculate all quantities on both the left-hand
side and right-hand side of the fluid mass conservation equation. This information can then be used to
check the fluid mass conservation equation.

Finally, a complete list of the applicable data for both accumulators appears in Table 4.3-1, including
the level instrument channel ID (LDP-XXX, ), the pressure measurement ID (PT-XXX, ), the
fluid thermocouple measurement ID (TF-XXX, ), the outlet liquid volumetric flow rate measurement
ID (FMM-XXX, ), the water reference density, the water level span, and the tank cylindrical area.

4.3.2 Fluid Energy Conservation Equations

The general fluid (H,0) energy conservation equation, which relates the change in stored fluid energy
with respect to time (the fluid-energy time derivative) to the energy rates in and out (due to the
connected flow paths) and the energy addition rate due to other external devices, reduces to the
following for each of the two accumulator, ACC,, where i = 1,2;

d[M x Cp X (T-Tm(”H;(').M'T'

4.3-2
at  Hoace, * lem:momcr %
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Due to the fact that no steam is present in the accumulators, the fluid energy conservation equation
further simplifies to:

d[M X Cp X (T_Tm)ll.ACC

d‘ i Qoul LACC e Olmlaf].AC(‘ 43-2]

From this point on in the discussions of the energy conservation calculations, the expressions will be
in their reduced, water-only form.

The left-hand side of the water energy conservation equation is approximated as follows:

dMxc % (T-T )l e  AIMXC X (T-T )] scc 43.22
at At
and:
AMx ¢ x (T-T )], sec AM X (T-T )} s
= x
At “ acx At

{ACCa Muocm] 35
Prac

tn _tn—l

M
Sl T (T(.Acc,'an) X

T

LACCH ~ fACCh-1 ]

T
* C x x
e M-A(T tn -tn—l

where the subscripts:
n-l,n = Two consecutive time points

The water-specific heat capacity at constant pressure is calculated as a function of pressure and
temperature from the ASME steam table function CPL as follows:

o = CPL(P o, Typec) 4.3-24
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For use in the overall system energy balance calculations, the water stored energy in each accumulator
is given by the following:
U = M ¥ Cppace X Taee = T 4.3-25

LACC

This completes the discussion of the calculations related to the left-hand side of the water energy
conservation equation.

On the right-hand side of the water energy conservation equation, the calculation of the outlet water
energy transport rate is given by the following, where i = 1,2:

Qow tacc, = Mcm fACC " hu(‘r‘ 4.3-26

The water-specific enthalpy is calculated as a function of pressure and temperature from the ASME
steam table function HCL as follows (note that the water-specific entropy is also an output of HCL):

hl.Af‘(' - HCL(PAC(" T(.AC(‘A‘ s{,ACC) 43‘27

The heat transfer between the accumulator tank metal and the accumulator fluid inventory during
accumulator injection is negligible, for the following reasons:

* The accumulators are pre-filled before initiation of the tests, so that the fluid and tank metal
walls are in thermal equilibrium at the beginning of the transients.

* Although the overpressure gas decreases in temperature as it expands to fill the volume left by
the injected water, the water temperature remains approximately uniform throughout the
injection phase.

* The mass and specific heat of the overpressure gas is small compared to the mass and specific
heat of the tank metal, and therefore draws an insignificant amount of energy from the tank
metal walls.

Thus, the accumuiator metal-to-fluid energy addition rate is neglected, and:

Queam nace = 0.0 4328

This compietes the discussion of the calculations related to the right-hand side of the water energy
conservation equation.
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Note that, in the case of the accumulators, it is possible to calculate all quantities on both the left-hand ’
side and right-hand side of the fluid energy conservation equation. This information can then be used
to check the fluid energy conservation equation.
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7 S p=———1]
TABLE 4.3-1
INSTRUMENTATION EMPLOYED FOR ACCUMULATOR FLUID CALCULATIONS
|
Description ACC.1 ACC-2
Level ID (in.) LDP-401 LDP-402
Pressure [D (psig) PT-401 PT-402
Water temp ID (°F) TF-401 TF-402
Outlet flow 1D (gpm) FMM-401 FMM-402
Ref water p (Ihm/ft.") 62.40 62.40
Water level span (1n.) 36.75 37.00
Tank area (cylin) (in.%) 416.6208 417.1392
(L= e
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4.4 Core Makeup Tanks and Cold-Leg Balance Lines

Each of the two core makeup tanks (CMTs) consists of a tank with a fluid flow path at the top for the
cold-leg balance line (CLBL) connection aud a fluid flow path at the bottom for the direct vessel
injection line (DVI) connection. Each of the two coid-leg balance lines consists of a series of
connected pipes with a fluid flow path at the bottom for the inlet connection from the cold leg and a
fluid flow path at the top for the outlet connection to the CMT. The CMT fluid mass, fluid energy,
and metal energy conservation equations are described in Subsections 4.4.1, 44.2, and 4.4.3,
respectively. The cold-leg balance line fluid mass, fluid energy, and metal energy conservation
equations are described in Subsections 4.4.4, 44.5, and 4.4.6, respectively.

4.4.1 Core Makeup Tank Fluid Mass Conservation Equations

The general fluid (H,0) mass conservation equation, which relates the change in stored fluid mass
with respect to time (the mass time derivative) to the mass flow rates in and out, reduces to the
following for each of the two CMTs, CMT,, where i = 1,2:

dMH,u.r'Mr 44-]

e = M e ca) ooMr ™ Mow 0o oVIL) H0CMT
dt - '

The left-hand side of the fluid mass conservation equation is approximated from the value of the fluid
mass at two consecutive time points (denoted by subscripts n-1 and n) as follows:

dMH,n.cm kb AMn,o.cm a Mu,n.cm_n K MH,O‘(‘M‘T.NI 442

dt At .

The H,O fluid mass is the sum of the liquid and steam masses:

M = M(,(‘MT + Mg,CMT 443

H,0.0MT

where the subscripts:

HO = Water (liquid and steam)
f = Liquid phase of water
g = Steam
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The water and steam mass calculations are based on the measured tank water level. A list of the level
(LDP-XXX) instrument channel IDs for both CMTs appears in Table 4.4-1. To span the entire tank,
either the main LDP, or a sum of the three alternate LDPs, is employed for the indicated water ievel,
which is then corrected for temperature effects using the LDP compensation method. As is generally
assumed for each OSU test facility component, zero quality water is modeled below the compensated
water level, and 100 percent quality steam is modeled above the compensated water level. This
assumption is appropriate because the fluid below the water level is predominantly water, the fluid
above the water level is predominantly steam, and any amount of frothing is indeterminate with the
available instrumentation,

To utilize the measurements from the numerous tank fluid thermocouples available, each CMT is
divided into « number of axial fluid property zones for the calculation of various fluid conditions.
Table 4.4-1 contains a list of the fluid thermocouples employed (ten per tank), along with their
elevations. Axial fluid property zone boundaries are taken at the vertical midpoint between
consecutive fluid thermocouples, which yields ten zones per tank.

In general, the tank liquid and steam masses are given by:

4.4-4

where:
| = Number of zoaes in the CMT, (10)
J = Specific zone within the CMT

For zones j below those containing the compensated water level (which contain all water), the zone J
water and steam masses are given by, where i = 1,2 and j = 1,...levzone-1:

Mo = Promr X Veur xC
) ) ’ 445

M;.('MT - 0

N
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Conversion constant, in.” to ft.’
levzone = Zone containing the compensated water level

C

For the zone j containing the compensated water level, the zone j water and steam masses are given
by, where i = 1,2 and j = levzone:

xV xC

Mu*m_ " Prowmr, f.oMT

4.4-6
xV xC

M,,(-Mr *= Pgomr LOMT

For zones j above those containing the compensated water level, which contain all steam, the zone )
water and steam masses are given by, where i = 1,2 and j = levzone+1,... N, .. over !

Mg =0
4.4-7
somr, = Peonr X Vo XC
' The tank fluid volumes are calculated as a function of level from the volume versus height tabular data

listed in Table 4.4-2, via linear interpolation within the table. No extrapolation at either end is
performed; the first and last table points define the applicable range (the first point is [hg, (= 0.),
Ve (= 0.)], and the last point is [hy,, Vol ).

During initialization, the volume versus height data/function is employed to calculate the total volume
nf each zone j as follows:

for j=1:

4.4-8
Vewr = Voun

te?) 1 .
fOr §92,c.JN oo

3=l
Vor * vmrmg - E -

J kel X
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where:

V(Do = Volume as a function of elevation, in.in., and | is the elevation of the top of
zone |

The zone j top elevations are determined from the elevations of the fluid thermocouples (or the
elevation of the top of the tank in the case of the top zone).

During the transient calculations, the volume versus height data/function is employed to calculate the
wat>r volume of the zone containing the compensated water level, j = levzone, as follows:

if j=levzone=1:

449
Viewr = Yoy
N
if j=levzone>1:
)=l
Viewr = Vloyr - 2: Verr
1y k-l 1K
where:
V) = Volume as a function of elevation, in.”in., and 1, is the elevation of the
compensated water level.
The steam volume of the zone containing the compensated water level, j = levzone, is then the
following:
Viorr, = Vour, = Viowr, 4.4-10

The zone j water and steam densities are the reciprocal of the water- and steam-specific volumes,
respectively:

44-11
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The zone j water-specific volume is calcuiated as a function of pressure and temperature from the
‘ ASME steam table function VCL as follows, where i = 1,2:
Vrvm” . VCL(P(‘WU' T"F"".J) 44-12

The zone ) steam-specific volume is calculated as a function of pressure and temperature from the
ASME steam table function HSS as follows, where i = 1,2 (note that the steam-specific enthalpy is the
main output of HSS, and the steam-specific entropy is also an output of HSS):

h"cm. N HSS(PFMTK T;,CM’I_' S;.(‘MT“ Vx.rm') 44-13

The zone j water and steam temperatures are given by the zone temperatures, which are the fluid
thermecouple measurements TF-XXX (see Table 4.4-1). Extra precautions ensure that the water
temperature value employ.d is at or below the saturation temperature, and that the steam temperature
value employed is at or above the saturation temperature. Thus:

‘ Tioar = Min(Teyer T onr)
: . 44-14

max(Teye o+ Ty onm )

"

8.CMT

where:

Tewr = TF-XXX o\ 4.4-15

The zone j saturation temperature is calculated as a function of pressure from the ASME steam table
function TSL as follows:

Tacewr, = TSL(Pey ) 4.4-16

The pressure of the top zone is set equal to the value from the PT-XXX , measurement (see

Table 4.4-1) (after conversion from gauge [psig] to absolute [psia) pressure). Foi the zones below, the
pressure is adjusted for hydrostatic effects to account for the density differences that occur from zone
to zone throughout the tank.
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This completes the discussion of the calculations related to the left-hand side of the fluid mass .
conservation equation.

On the right-hand side of the fluid mass conservation equation, the CMT inlet fluid mass flow rate is
equal to the cold-leg balance line outlet fluid mass flow rate (which appears on the right-hand side of
the cold-leg balance line mass conservation equation):

M 4.4-17

M., o cLaL) HOCMT = Moy o CMT) HO.CLBL

Although a liquid volumetric flow rate measurement (FMM) is available for this line, it cannot be
relied on for accurate mass flow rate calculations because two-phase fluid flow can occur in te line.
Thus, the total mass flow rate must be inferreo from a combination of the CMT and cold-leg balance
line mass conservation equations, once all other terms have been calculated in these equations. The
integrated inlet mass flow is also computed for use in the overall system mass balance.

Regarding the CMT outlet fluid mass flow rate to the DVI line, the calculation may be performed
directly from the liquid volumetric flow rate measurement (FMM-XXX), since when there is flow, the
water flowing in the line is at either subcooled or saturated conditions (see Table 4.4-1 for the
instrument channel IDs). Thus:

th (1o DVIL ) H,0.CMT e h1mu fto DVIL) (,CMT

4.4-18

= max(0..FMM -XXX .\ cmvn ) X P evmove, X C,

where:
FMM-XXX = Liquid volumetric flow rate measurement from flow meter FMMM-XXX, gpm
) = Conversion constant, gpm to ft."/sec.

The integrated outlet water mass flow is also computed for use in the overall system mass balance.

The outlet line water density is the reciprocal of the outlet line water-specific volume:

|
Promrovi, = —— 4.4-19

Vl.( "MT/DVIL
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The outlet line water-specific voiume is calculated as a function of pressure and temperature from the
ASME steam table function VCL as follows:

Viewmrove, * VCL(P v » Tr,cmmvu) 4.4-20

The outlet line water temperature is simply given by the outlet line fluid thermocouple measurement
TF-XXX (see Table 4.4-1). Care is taken to ensure that the water temperature value employed is at or
below the saturation temperature. Thus:

Toovrove, = MINTF-XXX\rmvn  Taesmove) 4.4-21

The outlet line saturation temperature is calculated as a function of pressure from the ASME steam
table function TSL as follows:

Tecmrov L - mL(P(‘M’!’/DV!L.) 44-22

The pressure in the outlet line is equal to the pressure at the bottom of the tank.

This completes the discussion of the calculations related to the right-hand side of the fluid mass
conservation equation.

442 Core Makeup Tank Fluid Energy Conservation Equations

The general fluid (H,0) energy conservation equation, which relates the change in stored fluid energy
with respect to time (the energy time derivative) to the energy rates in and out (due to the connected
flow paths) and the energy addition rate due to other external devices, reduces to the following for
each of the two CMTs, CMT,, where i = 1,2:

d[M x ¢, % (T-T",)IH’O'(.MT‘ .
dt 0 (from CLBL) H.0.CMT Qoul (to DVIL) H,0,CMT, 4423

. o( metab= H 0),CMT
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The left-hand side of the energy conservation equation is approximated as follows:

d[M x L‘P x (T’T""l“‘(,'ruy N‘“’ A[M x Cp X (T.'an)ll.CMT

d‘ ’-l Al
44-24
) N cver AlM x ¢, X (T-Tn,)]‘cm‘
1= At
where:
A[M x ¢, % (T-T,.,)],'(—mu e . A[M x (T—Tm)l(.cmw
At Prcsr At
M M 44-25
=€ XMy ~T )% — e
. ‘ . (n-‘n-l
Toemrn = LI n-1
a Cpuv' " M(.LMT\‘ x[ u‘“.(n-‘ -
and:
AMxc, x (T~T",)]‘_m,\ e AM X (T=T, )l cpr
At B Al
[ M . -M. 4.4-26
= 0 - 2.CMT n LOMT n-l
0 - T .
+C xM . % 8CMT n 8CMT n-l
i L [ tn-‘n-l

where the subscripts:

n-1, n = Two consecutive time points
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The zone j water-specific heat capacity at constant pressure is calculated as a function of pressure and
temperature from the ASME steam table function CPL as follows:

¢, = CPLPyqr. Tiowr) 4.4-27

Pioner

The zone ) steam-specific heat capacity at constant pressure is calculated as a function of pressure and
temperature from the ASME steam table function CPV as follows (note that the steam-specific volume
is also an output of CPV):

6 * PV Tooues Yoam) 4.4-28

(G

For use in the overall system energy balance calculations, the fluid stored energy in each of the two
CMTs is given by the following:

Un,u.cm = Uiewr * U;.cm 44-29
where:
N-|v
» 4.4-3C
Uewr = E Mr,r‘m, X Coonr, X (Tiope = T <ra
=l
and:
\-\f'
- , 44-31
Uorr = X Maq X Cogomr, X (Tyovr = T

1ol

This completes the discussion of the calculations related to the left-hand side of the fluid energy
conservation equation,

On the right-hand side of the fluid energy conservation equation, the CMT inlet fluid energy transport
rate is equal to the CLBL outlet fluid energy transport rate (which appears in the CLBL energy
conservation equation):

4.4-32

Qun trom cLaL) HOCMT Qo 10 omT) H,0.CLBL
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In a manner analogous to that performed for the corresponding term on the right-hand side of the fluid .
mass conservation equation, the above CMT inlet fluid energy transport rate term must be inferred

from a combination of the CMT and CLBL energy conservation equations, due to the two-phase flow

which exists, once all other terms have been calculated in these equations.

The CMT outlet fluid energy transport rate to the DVI line is given by the following:

Quun 0 ovIL) Hoomr Quut 10 OVIL) toMT
44-33

g pviL) tomr X Dy evmove

The outlet line water-specific enthalpy is calculated as a function of pressure and temperature from the
ASME steam table function HCL as follows (note that the water-specific entropy is also an output of
HCL):

hevrovi, = HCLPoyrmvn » Toonrmvi s Seemrove) 44-34

The energy addition rate to the fluid due to heat transfer from the metal walls is calculated from the
CONTRA inverse heat onduction® solution, and is discussed in Subsection 4.4.3.

This completes the discussion of the calculations related to the right-hand side of the fluid energy
conservation equation.

443 Core Makeup Tank Metal Energy Conservation Equations

The general metal energy conservation equation, which relates the change in stored metal energy with
respect to time (the metal energy time derivative) to the energy rates in and out (due to heat transfer),
reduces to the following for each of the two CMTs, CMT,, where i = 1,2:

dM x ¢ x (T-T ) wuionr

P =i i 4.4-35
d‘ Q(lﬂll;a H,0,CMT Q(wln ambient ), CMT 3

To utilize the measurements from the numerous wall thermocouples available, the metal of each tank
is divided into 13 metal segments which correspond to the axial positions where wall thermocouples
are located in the CMTs. Table 4.4-3 lists the wall thermocouple channel IDs used for each metal

segment of both CMTs. In addition, Table 4.4-4 lists the mass, inner surface area, and outer surface
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area for each metal segment, as well as the ambient temperature channel 1D, all of which are required
in the metal energy calculations.

The left-hand side of the fluid mass conservation equation is approximated from the value of the fluid
mass at two consecutive time points as follows:

dM x ¢, x (T-T )l cvr  AIM x ¢, X (T-T, )] peuionr 4.4-36
dt At
where:
L\(M % Cp » (T-Tnl”ml.(‘m zNE.ﬂ M X C % TmuI.CMT_.n . TmeuLChﬂ‘_n-l 4.4-37
Al bt metal CMT P, (,\"nq
where:
Nowiowr = Total number of metal segments in each CMT, (13)
and the subscripts:
m = Specific metal segment of the CMT

n-1,n =  Two consecutive time points

In the equation above, the temperature used for each metal segment is an average of the temperatures
obtained from the thermocouples listed in Table 4.4-3 for that metal segment.

The metal segment specific heat capacity & constant pressure is calculated as a function of the metal
segment average temperature from the metal ¢, versus temperature tabular data listed in Table 4.4-5,
via linear interpolation within the table. No extrapolation at either end is performed; the first and last
table point* define the applicable range (the first point is [Ty, ¢, .,), and the last point is

| (R |

This completes the discussion of the calculations related to the left-hand-side of the metal energy
conservation equation.
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On the right-hand-side of the metal energy conservation equation, the total metal-to-fluid heat transfer .
rate is equal to the sum of the individual metal scgment metal-to-fluid heat transfer rates:
N

-
Q[mhnﬂ,(]l_f‘m - E Qtnmau;omm,
mel

4.4-38

The integrated metal-to-fluid heat transfer is also computed for vse in the overall system energy
halance.

For the detailed analyses of the heat transfer between the fluid and the metal wall in each of the two
CMTs, the CONTRA inverse heat conduction”” solution is employed to caiculate the transient inner
surface heat fluxes and temperatures, given the transient temperature data collected from
thermocouples imbedded in the walls of the CMTs. The CONTRA inverse heat conduction
calculational method models a wall as a vne-dimensional cylinder in radial coordinates, and applies to
each axial position where wall thermocouples are located in the CMTs (refer to Table 4.4-3). A stand-
alone pre-processor code ("osucontra”, the OSU CONTRA driver software) employs the CONTRA
inverse heat conduction solution on the transient wall thermocouple temperature data for the modeled
metal segments of each of the two CMTs and calculates the transient inner surface heat flux and
temperature for each of these metal segments.

Therefore, the energy addition rate to the fluid due to heat transfer from the CMT metal is given by
the foilowing for each metal segment m: .

lecm:a H,OLCMT - Qnulmlnﬂ()l,f'ml x Awm_mml."bﬂ‘_ * C2 4.4-39

where:
Qpe =  Heat flux, Bw/hr -ft’
C, = Conversion constant, hours to seconds

Also on the right-hand-side of the metal energy conservation equation, the total metal-to-ambient heat
transfer rate is equal to the sum of the individual metal segment metal-to-ambient heat transfer rates:

N-mﬁﬂ‘

e B 4.4-40
le).—.a ambient ), OMT L lemla ambient],CMT
me!

The integrated metal-to-ambient heat transfer is also computed for use in the overall system energy
balance.
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' The metal segment m metal-to-ambient heat transfer rate is given by the following:

x A x C, 444]

Q[ml- ambrent |, CMT » Qﬂulmmlsn ambient| CMT outer_mietal CMT

The metal segment m metal-to-ambient heat flux is expressed as the sum of the convective and
radiative heat fluxes as follows:

0 N— aviaoticnt, = Qs conv |massbe ambiemioMT,

4442

. Qﬂu _rad (metat=> ambent LCMT _

Note that for ambient heat transfer considerations, each CMT metal segment is treated as a vertical
cylinder (CMTs are not insulated).

The metal segment m outer surface convective heat flux is given by the following, where i = 1,2:

= H (T o P 4.4-43

Qﬂu,conv [ metai=o ambrent | CATT | outer_conv_metal CMT _ cuter_metal CMT _

. where:

H = Heat transfer coefficient, Buwhr.-ft.’-°F

(16)

A natural convection heat transfer correlation”™ of the following form is employed:

Nu = C (Gr Pp)® 4444

where, for vertical cylinders:

C =013 m = 1/3; for (Gr Pr) > 10° (turbulent
: K thpe 4.4-45

C =059 m =14 for (Gr Pr) > 10° (laminar range)
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For the OSU test facility air at atmospheric pressure and ambient temperature (averaged over the tests),

the turbulent range (Gr Pr > 10°; C = 0.13, m = 1/3) applies at the outer surfaces of the CMTs, and
the above correlation simplifies to the following expression for the convective heat transfer coefficient
for each metal segment m:

=019 x (IT T..1) 4.4-46

outer_metal, CMT ~ Yams

H

outer_conv_inetal CMT

Employing the assumption of radiation heat transfer between infinite parallel planes in the limiting
case of a convex object completely enclosed by a very large concave surface (typical assumption for
the calculation of radiation energy loss from a hot object in a room), with an assumed emissivity of
(.84 for the uninsulated CMTs, the metal segment m outer surface radiative heat flux reduces to:

= 14389 x 10”° x [ (T

Qnuum (metal=s ambient) CMT outer_metal. CMT P CJ)‘ 4.4-47

U

ambient

+ C)' )
where:

C, = Conversion constant, 459.6 (°F to °R)

The coefficient 1.4389 x 10* is the product of the Stefan-Boltzmann constant (1.713 x (v” Btu/(hr.-
ft.’-°R")) and the emissivity (0.84).

This completes the discussion of the calculations related to the right-hand-side of the metal energy
conservation equation,

Note that it is possible to calculate all quantities on both the left-hand-side and right-hand-side oi the
metal energy conservation equation, as shown above. This information can then be used to check the
metal energy conservation equation.

4.44 Cold-Leg Balance Line Fluid Mass Conservation Equations
The general fluid (H,0) mass conservation equation, which relates the change in stored fluid mass

with respect to time (the fluid waass time derivative) to the mass flow rates in and out, reduces to the
following for each of the two cold-leg balance lines, CLBL, where i = 1,2:

dMH O.CLBL &
i * M, v nocwse = Mo ovr) mocwt 4.4-48
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The left-hand side of the fluid mass conservation equation is approximated from the value of the fluid
. mass at two consecutive time points (denoted by subscripts n-1 and n) as follows:

dMH,u,('LB: N AMN..UFLBL . Mﬂ,o.ruL ' MM;),C!..&L n-l 4.4-49
dt At L=t

The H,0 fluid mass is the sum of the water and steam masses:

Myocwse = Micse * Mo 4.4-50

The water and steam mass calculations are based upon the measured water level. A list of the level
(LDP-XXX) instrument channel IDs for both cold-leg balance lines appears in Table 4.4-6. These
LDPs are corrected for temperature effects using the LDP compensation method. As is generally
assumed for each OSU test facility component, zero quality water is modeled below the compensated
water level, and 100 percent quality steam is modeled above the compensated water level. This
assumption is appropriate because the fluid below the water level is predominantly water, the fluid
above the water level is predominantly steam, and any amount of frothing is indeterminate with the
available instrumentation.

. For the fluid property, caiculations, the measurements from the two fluid thermocouples available in
each CLBL are udlized. Table 4.4-6 contains a list of these fluid thermocouples; one is located at the
bottom of the line and one is located at the top of the line. If the line is completely filled with water
{waiter level at top), an average of the two fluid thermocouple temperatures is employed for the water
properties. If the line consists of all steam (water level at bottom), an average of the two fluid
thermocouple temperatures is employed for the steam properties. Otherwise (water level in between
top and bottom), the bottom fiuid thermocouple temperature is employed for the water properties, and
the top fluid thermocouple temperature is employed for the steam properties.

In general, the liquid and steam masses are given by:

M ® Prewse X View, XC

4.4-51
M;.(:un. ® PgousL X Vu LBL, xC

where:

C = Conversion constant, in." to ft.’
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The water volume is calculated as a function of compensated water level from the volume versus
height tabular data listed in Table 4.4-7, via linear interpolation within the table. No extrapolation at
either end is performed; the first and last table points define the applicable range (the first point is
[Ny (= 0.), Vo (= 0], and the last point is [h,,, Va.)). Thus:

Viewe * Y0eu, 4.4-52
where:

V(Dene = Volume as a function of elevation, in.”in., and | is the compensated water level
The steam volume is then given by:

vg,CLBL o v(‘l_nL = v(,cuL 4.4-53

In the above, the cold-leg valance line total volume, V4 , is given by the last point (V) in the
aforementioned volume versus height table. '

The water and steam densities are the reciprocal of the water- and sieam-specific volumes,
respectively:

Bk ¥
(CLBL, = v
(CLBL

44-54
1

pu‘LBL. L SR
2 CLBL

The water-specific volume is calculated as a function of pressure and temperature from the ASME
steam table function VCL as follows:

Viewst, ™ VOL(Pep 0 Tyos) 4.4-55
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The steam-specific voiume is calculated as a function of pressure and temperature from the ASME
steam table function HSS as follows (note that the steam-specific enthalpy is the main output of HSS,
and the steam-specific entropy is alse an output of HSS):

hycun = HSS®Pep s Tocinr Spcwms Yoo 4.4-56

As stated above, the water and steaw temperatures are given by the fluid thermocoupie measurements
TF-XXX (see Table 4.4-6). Car: is taken to ensure that the water temperature value employed is at or
below the saturation temperature, and that the steam temperature value employed is at or above the
saturation temperature. Thus:

Tew, = mm(Tv.cuL,' Tecis) 4.4-57

T

LCLBL © max('r;cuw Teuca)

sat

The saturation temperature is caiculated as a function of pressure from the ASME steam table function
TSL as follows:

Tcwn, = TSLPqy ) 4.4-58

In all of the above, the cold-leg balance line pressure, P, , is set equal to the value from the
corresponding PT-XXX..,, , measurement (see Table 4.4-6 for list) (after conversion from gauge [psig]
to absolute [psia) pressure).

This completes the discussion of the calculations related to the left-hand side of the fluid mass
conservation equation,

Although a liquid volumetric flow rate measurement (FMM) is available for each cold-leg balance
line, the measured values cannot be relied on for accurate mass flow rate calculations since two-phase
fluid flow can occur in the line. Thus, the total mass flow rates on the right-hand side of the cold-leg
balance line fluid mass conservation equation must be inferred from a combination of the CMT and
cold-leg balance line fluid mass conservation equations, once all other terms have been calculated in
these equations. The integrated cold-leg balance line outlet (to CMT) mass flow is also computed for
use in the overall system mass balance.

This completes the discussion of the calculations related to the right-hand side of the fluid mass
conservation equation.
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445 Cold-Leg Balance Line Fluid Energy Conservation Equations

The general fluid (H,0) energy conservation equation, which relates the change in stored fluid energy
with respect to time (the fluid-energy time derivative) to the energy rates in and out (due to the
connected flow paths) and the energy addition rate due to other external devices . fuces to the
following for each of the two cold-leg balance lines, CLBL, where i = 1,2

d[M x Cp x (T'T,,,”n;u.('wl
dt

o o L) HOCBL ~ Qout o CMT) H,0.CLBL 4.4-59

* Qs H,0).CLBL

The left-hand side of the fluid energy conservation equation is approximated as follows:

d[M x Cp X ‘T_Tul)]H.tH'l_RL A[M X Cp » (T—Tle(”f‘f'l_!!!

dt At
4.4-60
AM xe x (T-T )] o5
+
At
where (subscripts n-1 and n denote two consecutive time points):
A[M x €, X (’T-Tref)]”'l.m - N A[M x (T"Tm”u*l,m
At P At
M CLBLi M!(‘thr !
— {CLBL, BL ol 4.4-61
R (T cipt, ~Toed) X -
n ‘n-l
Baprar o F oo o
& L'p“;u x M”-,_.m_ x fCLBL ,( - {CLBL n-)
n n-l

m\apsO0sec-412344w-40.pos: 1b- 100795 4.4-18 REVISION:



® -

Al M x cp » (T—Tnf)];.CLBl. A[M x (T-Tu!));CLBL
= x 2
At Funa At
M CLBLa M CLBL .n~1 4.4-62
a c'uum * (Tl'cuL,-Tnl) x[ : t -t 1 . . .

tn -ln—l

o8 xM i T,cuu = Toctstnni
Ty B CLBL,

The water-specific heat capacity at constant pressure is calculated as a function of pressure and
temperature from the ASME steam table function CPL as follows:

¢ = CPL(Pgg s Tioip) 4.4-63

p"‘.\l\.

. The steam-specific heat capacity at constant pressure is calculated as a function of pressure and
temperature from the ASME steam table function CPV as follows (note that the steam-specific volume
is also an output of CPV);

¢, . *CPV(Puu, Tocas Yeca) 4.4-64

ACLeL

For use in the overall system energy balance calculations, the fluid stored energy in each of the two
cold-leg balance lines is given by the following:

+ U 4.4-65

Upoctse, = Yot §.CLBL

where:

Uies. = Mecise * Cpreme X Moo = T 4.4-66

ref
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Upcst, = Mot ¥ Cpgeust, * (Tyews, = T 4.4-67

This completes the discussion of the calculations related to the left-hand side of the fluid energy
conservation equation.

On the right-hand side of the cold-leg balance line fluid energy conservation equation, the energy
addition rate to the fluid due to heat transfer from the cold-leg balance line metal is calculated from
the cold-leg balance line metal energy conservation equation, which is discussed in Subsection 4.4.6.

Once the metal-to-fluid heat ‘ransfer rate is known, the fluid energy transport rates on the right-hand

side of the cold-leg balance line fluid energy conservation equation are inferred from a combination of
the CMT and cold-leg balance line fluid energy conservation equations, in a manner analogous to that
performed for the mass flow rates on the right-hand side of the fluid mass conservation equation, once

all other terms have been calculated in these equations.

This completes the discussion of the calculations related to the right-hand side of the fluid energy
conservation equation.

4.4.6 Cold-Leg Balance Line Metal Energy Conservation Equations .

The general metal energy conservation equation, which relates the change in stored metal energy with
respect to time (the metal-energy time derivative) to the energy rates in and out (due to heat transfer),
reduces to the following for each of the two cold-leg balance lines, CLBL,, where i = 1,2:

d[M x C, % (T_Tml)]mt(‘LBL
dt

4.4-68

A QImmlaH:()l.(‘l.Bl = Q peuis mbiemiciaL

Due to the fact that no metal thermocouple instrumentation exists in the cold-leg balance lines, fluid
thermocouples are employed to obtain pseudo-metal temperatures. Each cold-leg balance line is
divided into two metal segments. Table 4.4-8 lists the following data required in the metal energy
calculations for each metal segment: fluid thermocouple channel 1D for the pseudo-metal temperature,
metal mass, outer surface area, and mean surface area. In addition, Table 4.4-9 lists the following data
required in the metal energy calculations (which are not on a segment basis): ambient temperature
channel ID, insulation tiickness, and insulation mean thermal conductivity.
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The left-hand side of the metal energy conservation equation is approximated as follows:

diM x ¢ X (T-T ) cini AM x e, X (T-T )] yeni crnt 4.4-69

dt At

where (subscripts n-1 and n denote two consecutive time points):

N
AM XC, X (T=T o)l mewicrse _ - M ks - LI—™ " Tmuu.(’l,m,_nq 4.4-70
A[ ; metal CLBL ¢ Poswicinn o tn _'" N
where:

NoeuicLat = Number of metal segments in each cold-leg balance line, (2)

The metal segment specific heat capacity at constant pressure is calculated as a function of the metal
segment temperature from the metal ¢, versus temperature tabular data listed in Table 4.4-10, via
linear interpolation within the table. No extrapolation at either end is performed; the first and last
table points define the applicable range (the first point is [T, ¢, .). and the last point is

[Tnu' Cp.um])-

This completes the discussion of the calculations related to the left-hand side of the metal energy
conservation equation.

On the right-hand side of the metal energy conservation equation, the total metal-to-ambient heat
transfer rate is equal to the sum of the individual metal segment metal-to-ambient heat transfer rates:

N“HLM

- 4.4-71
leml: ambent | CLBL E Qmmm ambsent) CLBL

me]

The integrated metal-to-ambient heat transfer is also computed for use in the overall system energy
balance.
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The metal segment m metal-to-ambient heat transfer rate is given by the following:

(Tmn,ch_ =T
+ R

save) x C, 4.4-72

osu|_metal CLBL _)

Q(ml-mb-ul,cwt._ - Tﬁ
outer_mwetal CLBL

where:
C, = Conversion constant, hours to seconds

The metal segment m outer surface heat transfer resistance is given by the following:

L 44-73

outer_metal CLBL X (Houm eony_metal CLBL . Houm,,ud_ meal CLBL |

R

outer_wetal CLBL - A

Note that for ambient heat transfer considerations, each cold-l- _ balance line metal segment is treated
as a horizontal cylinder (also recall that the cold-leg balance lines are insulated).

A natural convection heat transfer correlation”® of the following form is employed:

Nu = C (Gr Pp)* 4.4-74

where, for horizonal cyling rs:

C = 0.13, m = 1/3; for (Gr Pr) > 10° (turbulent range)
4.4.75

C = 0.53, m = 1/4; for (Gr Pr) « 10’ (laminar range)

For the OSU test facility air at atmospheric pressure and ambient temperature (averaged over the tests),
the laminar range (Gr Pr < 10°; C = (.53, m = {/4) applies at the outer surfaces of the cold-leg
balance lines, and the above correlation simplifies to the following expression for the convective heat
transfer coefficient for each metal segment m:

"
H = (.28 x ’-0\‘ 4.4-76

outer_conv_metal. CLBL | T} x ( IT

mewl CLBL , Tows |
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Using an outer diameter of 3.25 in. for the cold-leg balance lines, the above correlation further
simplifies to the following expression:

Taati® 4.4-77

H =021 x (|T

outer_conv_mea CLBL meal CLBL =

Employing the assumption of radiation heat transfer between infinite parallel planes in the limiting
case of a convex object completely enclosed by a very large concave surface (typical assumption for
the calculation of radiation energy loss from a hot object in a room), with an assumed emissivity of
0.8 for the insulated cold-leg balance lines, the metal segment m outer surface heat transfer coefficient
due to radiation reduces (o the following:

H = 1.3704 % 10® % [Tou saicist, * (Toosen * €’

auter_conv_mewnl CLBL

4478

x [T * (T * €I
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where:

C, = Conversion constant, 459.6 (°F to °R)

-

The coefficient 1.3704 x 10° is the product of the Stefan-Boltzmann constant (1.71% x 10” Bu/(hr.-ft.*
-°R*)) and the emissivity (0.8).

The insulation temperature for metal segment m is approximated by the following (assumes that the
temperature drop in the insulation is 90 percent of the overall temperature drop):

p = (.1 X(Tmml.(‘le_ - Tmb.em) - Tunm + C3 44-79

nsul_ meal CLEL

The metal segment m insulation heat transfer resistance is given by the following:

R ) - Axmnul_mml,(‘LBL 4.4-80
insul_metal CLBL A x k
mean_meal CLBL nsul_metal CLBL

where:

Ax = Insulation thickness, in.
k = Mean thermal conductivity of insulation, Btu-in./hr -ft *-°F
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Finally, having calculated both the change in stored metal energy (from the left-hand side) and the .
metal-to-ambient heat transfer rate (from the right-hand side), the metal energy conservation equation

1s rearranged to solve for the metal-to-fluid heat transier rate. Recall that the latter is used in the fluid

energy conservation equation calculations which were described earlier. The integrated metal-to-fluid

heat transfer is also computed for use in the overall system energy balance.

This completes the discussion of the calculations related to the right-hand side of the metal energy
conservation equation.
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e = B
TABLE 4.4-1
INSTRUMENTATION EMPLOYED FOR CMT FLUID CALCULATIONS
———e — -—ﬂ
Description CMT-1 CMT-2
Levels - man LDP-507 LDP-502
~ aiternate LDP-501 LDP-504
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