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ABSTRACT H
1

A comparison of the theimal hydraulic behavior of the Advanced Passive 600 |
MW(c)(AP600) and the Rig of Safety Assessment (ROSA) Large-Scale Test |
Facility (l.STF), under similar initial and boundary conditions, was developed
through computer simulations of selected accident scenarios for the Nuclear 4

Regulatory Commission. The purpose of the comparison was to develop criteria to
evaluate the capability of a scaled integral facility to perform an AP600 safety
assessment. It was concluded that ROSA LSTF. with a minimum of required modi.
fications,is capable of reproducing most of the phenomena and behavior expected
of AP600; distortions become important for slow transients and cases in which the
nonsytnmetric behnior of AP600 is relevant.

t

.

FIN L2513 ROSA Facility Design
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EXECUTIVE SUMMARY

Westinghouse Electric Company will submit Depressurization rate*

the Advanced Passive 600 MW(e)(AP600)
nuclear power plant design to the United States Coolant inventory and distribution.*

Nuclear Regulatory Commission (NRC) for ceni-
fication in 1992. In contrast to current generation Transient Scenarios
reactors, this design features passive safety-grade
systems for accident mitigation, relying on The specific transients selected weie
gravity-driven How or stored energy such as pas

A 3-in. diameter break in the cold legpressurized accumulators or electric batteries, e

Therefore, the driving forces for the safety fune-
A l-in. diameter break in the cold legtions are small compared to the pumped power of .

conventional safety systems, and the perfonnance
of these systems may be adversely af fected bydel- A 3-in, diameter break in the pressure bal-*

atively minor variations of system parameters, ""'CII"C
such as temperature or pressure caused by system

,

or phenomena interactions. Also, the operation of o cae of steam generator tube rupturese

(one and thm mbes)the passive safety systems poses challenging
computational problems to current thermal-

* ^ *" ""'#"* ""# #"hydraulic system analysis codes.

These transients were selected because they are
Therefore, the need for an integral test facility

design basis accident scenarios, they challenge
was identified for evaluation of AP600 safety sys- the passive safety features of AP600, and the list
tems perfonnance and for assessment and valida-

of processes and governing mechanisms believed
tion of computer analyus codes. Among existing

to participate in these transients spans over a wide
integral test facilities, NRC identified the Rig of

range of imponant phenomena.
Safety Assessment (ROS A) Large-Scale Test
Facility (LSTF) as a potential candidate to be ROSA Modifications
modified and used to perform confirmatory test-
ing of AP600 high pressure system behavior.The

The ROSA model used in the calculations wasIdaho National Engineering Laboratory (INEL)
(nodified several times to determine the kinds ofwas contracted to evaluate the potential suitabil-

ity and limitations of ROSA, appropriaMly modi-
changes that may be required of ROSA to
increase the fidelity of its simulation of AP600.

fled, to perfonn AP600 testing.
Min r changes were also made to conduct sensi-

) tivity calculations, to elucidate the relative impor-' Comparison Criteria tance or some component or mechanism. The
i major changes were classified in four levels,
| To conduct the study, the INEL performed described as follows:
| Reactor Excursion and Leak Analysis Program
'

simulations of a selected set of transients, with I First lesel modifications were derived by
AP600 and ROSA (modified) models subjected mere inspection of the two designs, select-
to the same initial and boundary conduions, and ing only those deemed essential, These
compared the results. The comparison of trends, modifications included the addition of the
events, magnitudes, and timing focused on three passive safety features not present in
important aspects of the AP600 safety systems ROSA: core makeup tank (CMT) and
perfonnance: appropriate pressure balance lines (PBLs), a

passive residual heat removal system with
Continuity of safety injection simulated secondary cooling, automatice

,
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depressurization system ( ADS) Stages 1 that included all the most important modi 0 cations -
-- through 3 on top of the pressuriier, ADS suggested by the initial effort and several addi ~

Stage 4 on the hot leg, and minimization of tional changes (Level IV); These calculations .

.

the pump loop seals. included a 3-in cold leg break _ case, a 1 in, cold.
leg break case, and a 3-in/ PBL break case. The -

11 Second-level modifications were derived intent of this Onal set of calculations was to verify

from the analysis of the first simulations, the improvement in system response with all -
These included a properly scaled AP600 modifications included in the model. ,

pressurizer, a surge line, and a surge line
connection. CONCLUSIONS

111 Third. level modifications included all of the The comparisons of the behavior of ROSA
above modifications plus significant with the first level of modifications indicate that
changes to the LSTF configuration: one ROS A is capable of reasonably representing L
cold leg was split to incorporate two CMTs AP600 behavior during the early portion of most
instead of one. transients. The behavior in slow transients or the

latter part of fast transients was distorted mainly -
IV The forth level modifications were the because of the larger friction and metal mass to -

"

resuh of the initial analyses, more in-depth volume ratio of scaled facilities. The capability of
inspection of the plant design differences. ROSA to simulate AP600 can he improved with -

and discussions with representatives of the minor modifications, such as. in the upper head
Japan Atomic Energy Research Institute, flow paths and adding the proper pressurizer (as
which owns ROSA, These include Levels I in the second level of changes).
and II, appropriate upper head flow paths,
an in-containment refueling water storage Because of its single cold leg and CMT PBL
tank, and two CMTs whose cold leg PBLs configuration, the ROSA modified to_the first
are connected to the same cold leg for most level of changes was not capable of capturing the
transients but to cold legs on different loops noasymmetries of AP600. The complexity of
for the nonsymmetric PBL break scenario. AP600 safety system interactions made ROS A

with the third. level changes behave even more -
An initial series of calculations was perfonned distorted than the base case (Level 1).-

with various combinations of the above modinca-
tions (Levels I,11, and 111). The primary purpose Incorporating into the ROSA model all the-

;

of these calculations was to aid in identifyinr, the most important modifications suggested by the!

modifications to the ROSA facility that wauld analysis effort (i.ec, fourth-level changes)-
improve its simulation of the AP600 system improved the simulation of the AP600 plant.
(Level IV); All the ROSA scenarios were simu- Even in the PBL break, in which the configura-
lated with the first level of model changes. The tion was decidedly different than Ap600, the non-~ :

second level of changes was tested on the 3-in, symmetric behavior expected of the CMTs-
,

_ cold _ leg break scenario;' and the third level of appeared to be _well represented, It should be'

L changes was tested on the 3-in. PBL break. All of - mentioned that AP600 design modifications werc
!- the changes incorporated into the model are feasi- made by Westinghouse during the course of this-

- ble and correspond to the available piping and the analysis. The results shown here no longer corre-L

physical configuration of ROSA. spond to an accurate description of AP600 behav-
ior. Ilowever, the changes are not expected to -

After the initial calculation effort, several -bring. about = new phenomena - or sharper
ROSA simulations were perfonned whh a model distortions.
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ACRONYMS AND INITIALS

ADS automatic depressuritation system NRC Nuclear Regulatory Conunission

AP600 Advanced Passive 600 MW(e) o.d. outside diameter

I'llL pressure balance line
CMT core makeup tank

PCCS passive containment cooling system
ECC emergency core cool.ing

PRilR passive residual heat removal
INEL Idaho National Engineering

Laboratory PSIS passive safety injection system

PWR pressurized water reactor -

IRWST in-containment refueling water
storage tank

RCP reactor coolant pump

JAERI Japan Atomic Energy Research RELAPS Reactor Excurs. ion and Leak
Institute Analysis Program

LSTF Large-Scale Test Facility ROSA Rig of Safety Assessment

MSLil main steam line break S signal safety injection actuation signal

I
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investigation of the Applicability and Limitations of
the ROSA Large-Scale Test Facility for AP600 Safety

Assessment

1. INTRODUCTION

Westinghouse Electric Company will submit AP600 testing. The objectives of this effort were
the Advanced Passive 600 MW(c)(AP600) to formulate comparison criteria to evaluate
nuclear power plant design to the United States ROSA's capabilities to represent AP600, to per-
Nuclear Regulatory Conunission (NRC) for certi- form the appropriate calculations and compari-
fication in 1992. In contrast to current generation sons, to make a recommendation of the required
reactors, this design features passive safety-grade ROS A modifications, and to apply the formulated
systems for accident mitigation, relying on grav- criteria to the comparison to produce an evalua- )
ity-driven flow or stored energy such as gas pres- tion of ROS A's suitability for AP600 safety j

surized accumulators or electric batteries. assessment. Note that this was not an absolute
Therefore, the driving forces for the safety func- cvaluation of ROS A as an integral test facility but
tions are small compared to the pumped power of rather as a potential facility for a very special
conventional safety systems, and the performance application. This report documents the results of
of these systems may be adversely affected by rel- this effort.
atively minor variations of system parameters,
such as temperature or pressure caused by system AP600 is a complex system that has and exhib-

or phenomena interactions. Also, the operation of its interactions between components that are not

the passive safety systems poses challenging present in current generation reactors. ROSA

computational problems to current thermal. LSTF, with the minimum modifications required

hydraulic system analysis codes. Therefore, the to resemble AP600, exhibits a similarly intricate

need for an integral test facility was identified for interactive character. It is not feasible that the

evaluation of AP600 safety systems performance comparison of a few simulations would be
and for assessment and validation of computer enough to accurately identify all the sources of

analysis codes. distortion and their respective magnitude; effort
was devoted to answer as many questions as was
allowable by the information available; thus,

The most effective integral system testing parts of the report are very rich in detail. In some
requires a facility that can simulate a whole appropriate cases, sensitivity calculations were
accident sequence, from high-pressure events, performed to elucidate important effects. Also,
through the depressm-ization phase, and into low- the simulation may not have captured everything

| pressure, loog temi cooling. Another approach is that could happen in a real scenario and could
to use separate integral facilities for high-pressure only give an approximation of what can be
and low-pressure events. The second approach expected.

| may allow use of existing facilities with appropri-
ate modifications. NRC identified the Rig of The Reactor Excursion and Leak Analysis
Safety Assessment iROSA) Large-Scale Test Program 5 (RELAP5)/ MOD 2.5 was used to sim-

,

l Facility (LSTF), operated by the Japan Atomic ulate and analyze AP600 and ROSA response to
Energy Research Institute (JAERik as a candi- postulated transients. The code had clearly identi.
date for the high-pressure and depressurization fied deficiencies, mainly with respect to the new
event integral testing. The Idaho National and unique features of AP600. The answers

| Engineering Laboratory (INEL) was contracted obtained are in need of the very assessment they
by NRC to evaluate the potential suitability and were used to evaluate. These deficiencies are,

l limitations of ROSA, appropriately modified, for currently being investigated, and a code

! I NUREG/CR-5853
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Introduction ~ _ _

enhancement program has been implemented to required of ROSA for the comparisons are pres-
address these concerns. In the meantime, how- ented. Section 3 presents the comparison criteria
crer imperfect the tool, it was applied equally to -developed for this task and the selection of the

- both systems (AP600 and ROS A). Also, while the postulated transients for the comparisons between
plant simulated behavior may require the assess- the two systems. Sections 4 discusses !n detail the -
ment to define its accuracy, the behavior differ- results of the modified ROSA calculations and
ences observed point to system differences that

their comparison to AP600 simulations. Section 5 -
need to be taken mto account in the evahtation of

scunes e sunu at.mns con uc e t un y the
. .

ROSA's applicability to simulate AP600 phenom-
rec mmended modifications, as resulted from theena,
inspection of Section 2, the analysis of Section 4,

Section 2 of this report discusses the features and discussions with representatives of JAERI.

and differences of AP600 and ROSA and their Section 6 is a summary evaluation of the suitabil-

respective code input models. In Section 2, the ity of ROSA to produce the expected AP600
different levels of design (model) modifications phenomena.

.

9

3

'
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2. MODEL DESCRIPTION

ROSA LSTF is a 1/48-volumetrically scaled,
.

-The automatic depressurization system*

full-height, full-pressure simulator of a conven- (ADS), which consists of a sciies of valves
tional Westinghouse-type four-loop (3,423 MW that open in stages as the level in the CMTs
thermal power) pressurized water reactor (PWR): drop. The first three stages of ADS valves
it does not have the advanced passive safety fea- vent the pressuriier into the IRWST through
tures of the AP600 design.t.2 To examine the fea- spargers. The fourth stage vents the hot leg
sibility of using ROSA for the AP600 safety directly into the containment,
assessment, a revised RELAPS model of ROSA

The containment itself, which includes thewas developed based on available information *

about AP600 plant design and the existing ROS A passive containment cooling system
facility configuration. This section presents an (PCCS) and a sump valve that returns the
overall description of the two designs, their dif. liquid to the primary coolant system.-

_

ferences, and the modifications and scaling con-
siderations used to develop the revised ROSA All valves in the safety system are either check,

model. Specific AP600 design information is faibs fe, air-operated valves or motor-operated

omitted in this report because of its proprietary valves supplied from redundant battery banks.

status'
During nonnal operation, the tops of the CMh

aie connected to the top of the pressuriter and one
2.1 AP600 Design cold leg each, through the pressme balance lines

(PBLs). The pressurizer PBL vents the pressur-
izert the top of the CMT, while the connectionAP600 is a Westinghouse two-loop PWR

design. Each hmp has one hot leg, one inverted through the cold leg PBL is nonnally closed with

U-tube steam generator, two reactor coolant " *"'"' ""H: c CMI connection to the pas-

pumps, and two cold legs per loop. The major dif- sive safety mject. ion system (PSIS) hne is also

ference between the AP600 and typical PWR ci sed during normal operation with a motor-

designs is the passive nature of AP600 safety and "p mted valve. The safety mjection actuation (S)

support systems, which rely solely on gravita- signal opens these valves and causes the CML to
.

tional forces. The passive safety system of AP600 wnt to the cold leg through the PHLs and to the

consists ofW ESI9".e on the bottom of the CMTs, thus mject- -

ing hqmd into the vessel downcomer.

Two spherical, high-pressure, accumulator in addition to the aforementioned system dif-*

tanks.- ferences, AP600 reactor coolant pumps (RCPs)
are encased into the primary and the bottom of the

Two core makeup tanks (CMTs), which steam generator outlet plenum. There is no loop*

replace the high-pressure injection system. seal for these pumps.

One in-containment refueling water storage*

tank (IRWST) that replaces the safety grade,
ROSA includes two symmetric primary loops,

low-pressure mjection system. each containing one cold leg, one hot leg, an
inverted U-tube steam generator, und an RCP.

A full-pressure, full decay power, passive Each ROSA loop represents two of the reactora

residual heat removal (PRilR) system, hmps lumped together. The loop horizontal legs
which has a heat exchanger submerged in were sized to conserve the scaled volume as well
the IRWST and replaces the auxiliary feed- as the ratio of length to the square mot of diame-
water system. ter, IJD 5, in order to simulate the two-phase0

3 NUREG/CR-5853
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- Model Description-

[00w regime transitions.7 The inverted U-tube loop seal between the steam generator and the
steam generators are full length and contain 141' pump. The two CMTs of AP600 were lumped as
tubes. Tube thickness, outside diameter (o.d,), one in ROSA, because ROSA had only one sold !

and length are identical to those of the reference ' leg per loop and one available reactor vessel !
PWR, Note that the reference PWR for ROS A has penetration. !

'

steam generator design differences from those
_

used in U,S. Westinghouse four-loop plants. A Despite these modifications, some important
pressurizer is connected to one of the hot legs, differences remained as a result of the ROS A con.

The ROSA vesselincludes an annular down- figuration. The most important were
comer and contains 1,064 full length rods capable

The volume of each steam generator, w hichof operating at to MW, or 147c of scaled full .

power for the reference PWR. The heater rod was scaled to represent two steam genera-
dimensions and pitch are the same as for the 17 x tors of the reference PWR, had a secondary

17 fuel assembly used in the reference PWR core. volume about 36% overscaled in reference -
Emergency core cooling (ECC) components, typ- to AP600. In addition to this, the tube walls,
! cal of those in the reference PWR, are included o.d., and total surface area were also over-

in ROSA. sized with respect to Al 600

2.3 Required Modifications and Loop piping how area, of both hot and cold.

Scaling ConSiderallOnS legs, was twice the appropriate AP600
~

scaled value. Fluid. volume of the hot leg

The ROSA LSTF system is fu!! height? The was about 20% greater than ideaily scaled,

facility scaling is time preserving, and the time whereas the cold leg Guid volume was about

. and length ratios are equal to one. The volume a factor of two greater, even with a reduced

ratio, the product of the area ratio times the length pump suction height. ,

ratio, makes ROSA about 1:30 of AP600. Thus,
An additional scaling distortion in the loop*

appropriate scaling ratios (~l for height, ~l/30
for vohime. ~1/5.5 for area) were used to deter _ piping as well as m other plant components .

was the excessive metal volume to Guid vol-mine the scaled dimensions of the AP600 compo,
nents that are to be simulated with ROS A. ume ratio that is inherent to any reduced , ,

Figum I illustrates the comparison between the scale facility. The effect of this distortion is

relative elevation of the components of the two for plant structures to become a greater

designs (figures appear after the references, source (or sink) for heat transfer to Guid in

before the appendix). the system than would occur in a full size
system. s

. As ROS A is different from AP600, several
The pressurizer was well scaled volumetri-levels of modificauons were implemented in the o.

revised ROSA RELAPS model.- . cally, but its height was about one-third that,
of the AP600 pressurizer, and the now area . e

The first level of modifications corresponded was more than twice the scaled AP600-
to obvious differences in the two designs, found pressurizer area.

by mere inspection, The most important modifi-
Since ROS A only had one cold leg per loop,. cation was the addition of the passive safety sys- =

tems (i.e., one CMT; corresponding PBL: a the two CMTs of AP600 would have to be
PRl_lR system with simulated, forced secondary lumped into one ar, well. This would prevent

cooling; ADS Stages 1. 2, and 3 on top of the ROSA from representing any asymm0trie
pressurizer; and ADS Stage 4 on the hot leg), all behavior associated with the dual cold legi
of which ROS A did not have, and reduction of the dual CMT configuration of AP600.

.
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Model Description

There was no IRWST in ROSA; therefore 2.4 RELAP5 Input Models.

the PRilR secondary was modeled initially
as forced cooling.

2.4.1 AP600 input Model. A preliminary
RELAP5 AP6(X) input deck was developed, con-

The flow paths through the reactor vessel taining models for all of the major primary, see-
.

upper head were different. ROSA presented ondary, and passive safety systems' components.
a higher flow resistance and a different flow The design data for the deck represented the best
configuration. available information effective September 1990.

The salient features of the AP600 system pre-
A second and a third level of modifications viously described were incorporated in the

were tested in response to these remaining differ. RELAP input deck.
ences between the two systems and their relative
effect on how the behavior of the two systems dif- The AP600 RELAP5 deck had 276 hydrody .
fered. In addition to these, minor changes were namic volumes,396 junctions, and 293 heat
also made and examined as sensitivity calcula- structures, as shown in Figure 2. Iloth hmps wete
lions, explicitly modeled, including the hot leg, the

steam generator, and two cold legs and associated

The second level of changes replaced the origi- pumps. Loop A had the pressurizer and the PRIIR

nal ROSA pressurizer with a full-height pressur, system connections. The Il loup cold legs had the

izer, volume scaled to the AP600 pressurizer, CMT pressure balance line connections. The
Sensitivity calculations demonstrated that for the steam generators were F type; the models were
transients selected, the effect of the larger hot and taken from an existing RELAP deck and modified

cold leg was not very important. Yet this second to ine rporate the known design features of the
level was still unable to fully represent the AP600 steam generators. The RCP models con-

nonsymmetric behavior of the Pill break, t ined the AP600 homologous curves for single-
phase operation. Two phase head and torque

In the third level of modifications, one of the multipliers and degradation data were from Com-

ROSA cold legs was split to accommodate two bustion Engineering pump data. Ilydraulic torque

CMTs with the corresponding Pills. end inertia were set to obtain AP600 design val.
uen for pump heating and coastdown characteris-
tics.

If ROS A were ideally scaled, all its compo-
nents would be 1/30th of the volume of the actual

The * actor vessel model was detailed and con-plant This was not the case and some differences
tained representation of all internal components.

remained. Table I summarizes the scaling of Ilydraulic volumes represented the downcomer,
ROSA components and those of an ideally sec.ed the lower plenum, the core, the reflector, the
facility, according to the volume ratio between ,

. guide tubes, the upper plenum, and upper head
ROS A and AP600. In some cases (where compo" regions, Ileat structures represented the fuel, the

1

L nents were additionsh the assumed dimensions reflector, the core berrel, and the metal masses of -L were those of the next available commercial size,
the vessel, lower and upper heads, and guide

thus ine ratios were not exactly 1.0.
tubes and other structurs in the upper plenum
and upper head regions. The downcomer was a

As a result cf the analyses and discussions with pseudo-two-dimensional component represented
JAER1, a fourth level of modifications was ree- by a ring of eight annular sectors connected using
ommended. These included all of the Level I and . crossflow junctions in the horizontal direction, as
11 modifications plus the modifications of the shown in Figure 3. This modeling scheme -
upper head flow paths, two CMTs and thus two allowed a limited multidimensional flow repre-
sets of PflLs and direct vessel injections, and an sentation. Ilorizontal momentum flux and spatial:
IRWST, acceleration were neglected but temporal

5 NUREG/CR-5853
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Model Desciiption

> Table'1. Summary comparisons of component scalhIg.-

ROSA LSTF/ ideal
item volume scaled facility

Fuel tod outer diameter . l .00 --

Length -1.00

Pitch . 1.00 4

Number of active rods 0.85- t

Total heat transfer area 0.85

Total core now area 0.92

Bundle hydraulic diameter 1.00 - .i
2

Steam generator tube inner diameter 1.27

Wall thickness 2.79

Average length 1.12 i

'

Fitch 1.31-

Material (stainless steel /Inconel 690)
Numberof tubes 0.76 .

Total inner heat transfer area 1.16

Total outer heat transfer area 1.33

Total primary Pow ar a^ 1.23

Total primary volume 1.42 g

Steam generator inlet plenum volume 0.94

Steam generator outlet plenum volume 0.94 y

Steam generator secondary riser 0.99- ,

hydraulic diameter
Riser flow area - 1.35

Total volume 1.36

Single k>op hot leg volume 1.23 -

Single k>op cold leg volume (full pump suction) 2.96'

[1.2-m (3.96-ft) pump suctionJ 1.97

Vessel volume 0.95

Downcomer volume 0.84

Pressurizer volume 0.95:
Primary side total volume 1.00 l

llot leg now area 2.11

Length 0,53i
"

Lumped cold leg flow area 2.09

Length _ (full pump suction) 1.90- -

'

-[1.2-m (3.96-ft) pump suction)- 1.19 ,

Downcomer flow area 0.79-

Length 1.06 -

Pressurizer flow area 2.41

Length .0.35
Pressurizer surge line flow area 1.00

Length . 1.02-

Lumped CMTs cylinder region area 1.00

Cylinder region metal surface area 0.71

,

_

6
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Model Description

!? LTable 1. . (continued)
._ _ -._ _ .

ROS A LSTF/ ideal
item volume scaled facility

Overall length 1.00 -|

'

Total volume 1.00
Lumped CMT header area LO3

Length 1.00-
Lumped CMT discharge line area LO3

Length LOO

Lumped pressuriter PBL flow area 1.01

Length 1 110

Lumped cold leg Pills area 1.03
Length 1.(X)

Lumped safety injection common lines area 1.03
Length 1 00

PRilR pipe inner diameter 1 24 :

Wall thidness 1.76
Length I.1 I.

Number of tubes 1.00- .;
Total inner heat transfer area 1.28

Total outer beat transfer area 1.48 i
'

Total primary flow area 1.55 'i
| 'Ibtal primary volume 1,73

Single loop ltunped pump

[ Locked rotor resistance

; Loop A 1.56-

L Loop B 1.45

i

acceleration and friction terms were included. liquid volunies, and line losses) available at the
The lower plenum, core. and upper plenum - time of this study (no details of ADS piping losses -
hydranhe volumes were also pseudo-two-di_ men- were available). The RELAP5 accumulator -
sional: two parallelflow paths svere ptuvided to model did not include the capability for spherical
accommodate differences brought about by geometry; tht s, these were modeled as cylinders.i

asymmetries in the responses of the two toops. The containnient was included as a volume;
All 2najor vessel bypass paths were included ' however, heat transfer across the containment
except for outlet noule leakage. Because of the walls was not induded in the model. Therefonn
elevated cold leg configuration, this path could containthent prmure during transients was - 1
not be represented without imposinc a severe expected to be overpredicted. ;

-courmit limit on the calculation time step. Flow 1

through this path was incorporated in the upper 2.4.2 ROSA input Model. A base ROSA input
head cooling spray bypass. Other bypass paths deck was medified (according to the afore-
were the guide tube now, the core cavity bypass, mentioned levels of chatiges) to irclude the pas-
and the reflector cooling flow. sive safety features of AP600 and to better

represent some aspects of the AP600 system con-j

.The passive safety features were modeled figuration. The additions included the ADS
using We;tinghouse design data (for elevations, system and associated piping, one CMT and the

i
,
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Model Description

associated pressurizer 1.nd cold leg PB1, and system. The accumulator was repositioned to rep-
safety injection line, and the PRHR heat resent the injection location and elevation of the
exchanger and piping. Effort was spent to ensure AP600 accumulators.
that the elevation of connections of the passive
safety features to ROSA system components The RCP suction heights were reduced as
matched as closely as possible the elevations of much as possible while maintaining the present

correslunding connections in the AP600 system. position of the pumps in the ROSA system. With

Effort was also spent considering the physical this change, the bottom of the pump suctions was

feasibiliiy of the proposed changes in the real about 0.5 m (1.65 ft) below the cold leg center
- plant. The ADS, the PRilR, and associted piping line. All of the above modifications conesponde<.1

modeling from the AP600 input deck were scaled to a first level of ROSA modifications, the bag i
,

by reducing flow incas and were then incorpo- deck that was used for all selected transients.

rated diiectly into the ROSA model. Three stages
of ADS connected to the top of the pressurizer, The second level of modifications to the ROS A

and the fourth stage connected to the nonpressu. deck were tested as sensitivity cases to elucidate

riier loop hot leg. All four stages of ADS were sources of distortion. The ROSA pressurizer was

modeled as discharging directly to the atmo. substituted with a full height pressurizer volume
_

sphete, since no IRWST existed in ROSA. The scaled to the AP600 pressurizer and was used for

PRilR lines were connected to the pressurizer one 3-in. CLB calculation. This same calculation

surge hne near the junction with the hot leg and to was repeated with. yet another level of modifica-
.

the outlet side of the steam generator in the tion that included the properly area scaled hot leg

pressurifer loop. (in addition to the pressurircr).'Also, the ROSA
downcomer was renodalized to a semi-two--
dimensional downcomer (radial and venical vol-To represent the PRilR heat exchanger, J AERI
umes emu manected) to approximate that of thepiopnsed ming a heat exchance, with controlled _

' AP600 model, Finally, the third level of changessecondary flow to allow simulating a range of
*"' I*P C*ented to examine the possibihty ofI' heat transfer conditions. Thus, the shell side of
C"PI"II"8 U"' nonsynunctric AP600 behaviorthe PRilR heat exchanger was modeled as a heat
during a PBL break.transfer coefficient boundary condition. The heat

transfer coefficient value chosen was representa-'

It was initially assumed that physical modifica-
i live of natural circulation convection with ver- .tions to ROSA would likely not include an: -

tical geometry * IRWST. Thus, the IRWST was not included in the

ROSA input deck for the Orst set of calculations. R
!The single Ch1T and associated piping used in Later, after the first analyses and discussions with

the ROS A model were scaled to represent the two JAERI, an IRWST was considered and included |
!CMTs and two sets of piping in the AP600 sys' in the model.

tem, The CMT cold leg PBL connected to the
cold leg of the nonpressurizer loop, and the pres * The control logic and trip setpoints used in the -
surizer PBL connected to the top of the pressur- AP600 model to represent the plant control syp
izer. The safety injection line connected the tem were duplicated in the ROSA input model.
CMT/ accumulator discharge roughly at the eleva- Where necessary, trip setpoints were modified to
tion of the bottom of the cold leg. account for differences in component geometry

between the AP600 and EOS A systems. A nodal-
The ROS A accumo!ator was fairly well scaled ization diagram of the modified (base case)

, - to simulate the two accumulators in the AP600 ROSA input deck is shown in Figure 4,

P
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3. SELECTION OF EVALUATION CRITERIA AND POSTULATED
TRANSIENTS

To detennine w hether ROS A LSTF could cap- which challenged the performance of the unique
ture tne key phenoniena of AP600 and would be safety features of AP6(XL
able to provide data for code assessment, a group
of transients was selected to compate the results * Three-ineh-diameter CLB
of simulating AP6(X) and ROSA undergoing the
same transient. It was assumed that the selected * One-inch-diameter CLB
transients would fall into the design basis acci-
dent classification and should exhibit a wide * PBL break
range of phenomena and behavior for code

SG single-tube and three-tube rupturesassessment. *

The proposed criteria for the comparison Main steam line break (MSLB).*

attended to the following issues related to safety
systems: This set of transients corresponded to the first

three types of initiating events of Table 2: sman
Ability of the systems to provide continuous break loss-of-coolant accidents, steam generatore

safety injection tube rupture, and MSLB. They presented a broad
variety of conditions to challenge the passive

Depressurization capabilities and timing safety systems during the high-pressure and
*

depressurization phases of an accident ROS A
Primary system coolant inventory and*

was not being considered for simuhtion of the
distribution' low-pressure, long-term cooling events, These

. transients did not include sincie failures in addi-. rhus, the modified ROS A s.imuhtions were ~

tion to the . . iating event,
.

imt
examined to determme, m general,if

. .

The CMTs provided core cooling with a ^ " I"'*E'"I'"*' I"''II'Y I'** d"C3 " I P'""Id#.

similar injection pattern as AP600 data for specific model validation. Its objective is
rather the detennination of biases; evaluation of

_

The system depressurization rate followed c mponents, processes or phenomena interac-*

AP600 depressurization tions; and the identification of any new phenome-
non that may not have been considered in the

The primary coolant inventory and distribu- design of the plant or the development of the sim-*

tion resembled that of AP600 ulation code. Therefore, it is important that the
integral facility exhibits the important eveats and

in addition to these main aspects of the com- the major trends (key phenomena) expected in the

parison, effort was made to establish that the gov- prototype as well as their timing.

erning mechanisms present in both systems were,

the samc or similar. In reality, two sources of distortion are
expected to affect the fidelity with which the irce-

A working table of initiating events and rele- gral facility can represent the plant: scale distor-
vant phenomena was drafted (Table 2) to help clu- tions, scaled facilities are smaller and thus will
cidate the important issues and required exhibit more friction. a higher metal mass / volume
experiments for AP600 safety assessment. This ratio, and higher heat losses to the environment;
table was and continues to be used to determine and unless the facility is a scaled replica of the
what transientr, to calculate. For this report, the plant, it will have configuration differences that
following ~;ansient scenarios were selected, all of will distort its representation of the prototype.

9 NUREG/CR-5853
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Selection of Evaluation Criteria and Postulated Transients

Table 2. Summary of transient initiating esents and relevant phenomena.

Full pressure
events Phenomena

Steam Natural circulation in PRilR system
penerator Elfects on noncondensable nitrogen Irom accumulators (heat transfer, system
tube rupture preuure)

hiau and encrpy tramfer between primary and secondary

hianometer effect between CMT and preuuriier

Recirculation to Ch1Ts

Elfeet of PRilR system perfonnance on SG safety relief valves

I ocal condensation in I'lli. Irom pressuriter and PRllR systern tubes

Interaction hetween accumulators and Ch1Ts

Asymmetries and loop dependencies

Small bical Ched. vah e behavior in Pill. and drain lines of Chi'Is
lo w ol~ lhaining characteristics of CMTs
coolant

imcal condensation in Pill. Irom pressuriier and PRilR system tubesaccident
interaction between accumulators and Ch1Ts

Natural circulation in the PRllR system
'

Asynunchie loop behavior

Thenmti effects in the PRilR and CMT systems due to la4 ,e temperature
gradients

Condensation in Chih and Pill.

Manometer elfect between CMT and pressurizer

f Interaction between primary safety and containment

Entrainment thtough pressuriier surge line to ADS valves'

Ef fects on noncondensible nitrogen from accumulators (heat tramfer, system
preuure)

Temperature gradients in PRilR system and CMTs

Recirculation to CMTs

h Locked rotor pump resistance etfeet

Siphoning of IRWST water through first three stages of ADS when founh stage
opens

Asymmetric behavior for CLils
.,

Integral system elf ects dependent on break location; asymmetries, cf fects on
CMTs, etc.

Steam line Additional asymmetry induced by PRllR system cooling
break floron tramport to th: core

1

|
|
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Selection of Evaluation Critetia and Postulated Transients
,

i
:

1[Toole 2. (continuedh

i
Pull pressure !

events Phenomena |
!
t

lloron dilution due to flow to CMTS (recirculation path)

Pressurized thennal shock due to temperature gradients and poor mixing j

Natural circulation in the PRilR - !

Manometer effect betw een CMT and pressuriier f
Recirculation to CMTs i

local c' indensation in PBL from pressuriier and PRllP. system tubes. f
less of Check valve behavior in P11L and drain lines of CMTs ;

lfeedwater/ Draining charatteristics of CMTs
feedwater line

Lwal condensation in PBL funn pressuriier and PRilR system tubes
break

Interaction between accumulators and CMTs |

PRilR performance (and overcooling)

Natural circulation in the PRilR system

Competing natural circulation loops (PRilR system, CMTs, SGs) - f
Asymmetric hop behavior j
Thennal ef fects in the PRilR system and CMT_ systems -

Condensation in CMTs and PBL '

,

Manometer effect between CMT and pressuriier

Effects of having pumps on'or off
,

1RWST mixing / stratification

Entrainment in pressurizer surge line

Inadvertent . Asymmetric system response
- pump trip PRilR system performance (including natural and forced circulationi i

Local condensation in PBL from pressuriier and PRilR system tubes :

L Interaction between accumulators and CMTs . :

Inadvertent Entrainment through pressurizer surge line to ADS valves
L ADS Check valve behavior in PBL and drain lines of CMTs ;

operation
Draining characteristics of CMTs j
Local condensation in PBL from pressurizer and PRilR system tubes ' ;

interaction between accumulators and CMTs !

Natural circulation in the PRilR system

Asymmetrie kop behavior

Thennal effects in the PRIIR system and CMT systems. - t

Condensation in CMTs and PBL -

i
.

t
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Selection of livaluation Criteria and Postulated Transients

Table 2. (continued).

I ull pressure
Phenomenaevents

Manoineter cf fect between CNiT and pressuriier

Interaction between prituary safety and containment

liffects on noncondensibles (heat transfer, system pressure)

Temperature gradients in PRilR system anu CMTs

Recirculation to CMTs

Locked rotor pump iesistance ellect

Siphoning of IRWS'l water tinough first three stages of ADS when fourth stage
opens

Asynunetric twhavior for CLils

lheess Additional asynunctry induced by PRilR system cooling
feedw ater lloron transpon to the core

lloron dilution due to flow to CMTs (recirculation path)

Pressurized thermal shock due to temperature gradients and poor mixing

Natural circulation in the PRilR system

Manometer effect between CMT and pressuriier

Recirculation to CMTs

Local condensation in Pill from pressuriter and PRilR system tubes

interaction between accumulators and CMTs

Anticipated Check valve behavior in Pill and drain lines of CMTs
l'""'IC"! Draining characteristics of CMTs (when there is overpressure discharge
without scram through safety relief vahes)

local condensation in Pill from pressuriter and PRilR system tubes

Interaction between accumulators and CMTs

Effect of ADS initiation due to radiation release through safety relief valves

PRl!R system perfonnance (and overcooling)

Natural circulation in the PRilR system

Competing natural circulation kiops (PRilR system, CMTs, steam generators)

Asymmetric loop behavior due to CMT and PRilR system

Boron dilution due to flow to CMTs (recirculation path)

lloron transport to the core

Thennal effects in the PRilR and CMT systems

't
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Selection of livaluation Criteria aial l'ostulated Transients

Table 2. (tontinuedi.

1 oll-preuure
events l'henoinena

. _ -

Condensation in CM is and I'llL'

Manonwies ef fect between (JM l' and guessutiier

II(WST rnisinpAtratilication

Phase separation phenoinena in pleuuriter in relation to ADS and inaw low
._ -

l(OS A has both of these sources of dii,tortion. The ininiinuin configuration chanpc of itOS A is
Illil APS/ MOD 2,5 code w as used through system seguiled for a satistactory coinparison.1 rom the
calculatiotis to provide estimates of the inagni- analyses v dditional ininor changes are tecorn-
tude of the ellects those distottions cause in the tuended (typical pressuriter and upper head flow
response of 1(OS A relatise to the response of patho to innprove itOS A's approximation of
AP6(KL As mentioned in the previous scetion, a AP6(H L

13 NUREG/CR-5853
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4. CALCULATIONS, RESULTS, AND DISCUSSION

Safety evaluations for small break loss of- CMl' side cold leg would not capture the asym-
coolant accidents are primarily concerned with metric response of the two CMT side cold legs
criteria such as maintaining suf ficient system and CMT trains expected in the AP6(K) system,
mass inventory (particularly in the vessel) and Additionally, a break in a pressuriter side cold leg

pmvidmg adequate core cooling. Por the AP(al in the AP600 system was expected to cause the
design,the ultimate satisf action of these criteria is Iwo cold legs connected to the CMTs to expeti.
dependent upon me operation and interaction of ence the same boundary conditions during the
the pauive safety sptemt The pawive safety transient. As a result, the transient response of me

systems can be dh ided into two major categories: two CMT side cold legs and the two sets of Pills /

those that are necewary to bring the system (in a CMTs/ECC lines would be the same. With this in
safe manner) to conditions conducive to long- mind, the CMT side cold leg response and the
term core cooling ( ADS stages to accelerate Pill)CMT/ECC line response in the ROS A facil-
depressuri/ution, PRilR system heat removal. ity was expected to be most representative of
and CMT injection to maintaia the vessel inven- AP600 behavior for the pressuriter side CLH,
tory), and those that are necessary to maintain
long term, core cooling (IRWST injection and For the 3-in. CLil analysis, a single APNK) cal- |

'

containment coolingL The fonner are important culation was performed, along with several'

ROSA calculations. The ROSA calculationsduring the high. pressure phase of the transient,
u hile the latter are important for the low-pres- included (a) a base case using the first level

modified ROSA LSTF model described in ;

wre. long tenn phase, the passive safety systems
Seedon 2 A2 (b) a case in which the ROS A gues-

applicable to high-pressure considerations are the
CMTs, the PRilR system, the accumulators, and suriecr and surge line were replaced with a pres-

the four ADS stages. The objective of these pas, suriter and surge line scaled directly to the AP600

sive safety systems is to maintain system imen- prenuriier 6aond leveln M a case in which the

tory and depressurire the system in a manner that ROSA pressurizer, surge line, and hot leg were

maintains adequate core conhng and facilitates replaced with components scaled to the corre-

establishment of long term core cooling. sponding AING) components; (d) a case with a
multi channel downcomer instead of the single
channel used in the base case modeh and M aThis section discusses comparisons of the
case in w hich the PHLs and ECC line form losses ;AP6f() and ROSA calculations for the transient
wwe modmed to provide better agreement of the

scenarios selected and highlights the perfonnance
ROS A/AP6fK) ECC Dow. The results of compari-

of the hiph pressure passive safety features. Simi- ,

wns of the AP600 calculation and the variouslatities and differences in the response of the two
ROSA calculations are presented in Sections ;

systems and their possible causes are described in
4.12 through 4.16. This discussion is preceded |

detail.
,

by a brief description of the conduct of the cal-

4.1 Three Inch Cold Leg Break '"'"d""'' ^ ""^I "'d"" (Sudon 4. l m dp
cusses the applicability of ROSA LSTF for 3 m.

. .

CLB experiments.
Calculations simulating a 3.in diameter CLH,

of the pressuriter side loop, were performed for 4.1.1 Calculallon Conduct. Performance of
both the AP600 and the modified (first leveh RELAP5 calculations involved a two-step pro.
ROS A LSTP systems This location was selected cess. The process included establishing a steady !

'

because the ROSA system response for this case state with appropriate initial and boundary condi-
would better simulate AP600 response than if the tions and then initiating the transient from that
break were situated in a CMT side cold leg. Since steady state with proper trip setroints and control

there w as only a single cold leg in each k op of the lunctions being represented, in establishing the'
ROSA LSTF system, simulating a break in the initial steady states for these calculatmns,-lVex-
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Calculations, Hesults, and Discussion

r

i

! pected AP6(K15ystem thennal-hydraulic operat- accumulator temperatures set at a containment [
ing conditions were used. temperature of 311 K (10(FF).

The AP600 steady state was set at nominal full 1he transient part of the calculation was initi.
power (1,933 MW) and flow conditions. The base ated by tripping open a valve with an appropri-
case ROS A conditions were adjusted to match, as ately sized area to represent the break. For the
closely as pouible, those for AP600, given the AP600 calculation, the break was hicated near the ,

constraints of reduced power and flow capabili- downcomer inlet in one of the two parallel cold
ties in the ROSA facility. The ROSA steady state legs in the loop containing the pressuriter. For the
was established at the facility power limit of modified ROSA calculations, the break was
10 MW (rourkly 16% of scaled AP600 full located near the downcomer inlet in the single

w M leg temperatures cold leg in the loop containing the pressurizer,power).8 Tt M e' e

in the ROh s s i; - ere tmained the and the break area was scaled by the ROSA /*

.s

same as in A W W , r e a ,mmps to give AP600 area scaling ratio. Iloth breaks were mod- "

160; of the sc& Md '' c op ouw. The second- eled as crossflow junctions with the break
ary pressure (satuwe temperature) was junction connected to Volume 280-01 for the t

adjusted (i.e., increased reimive to a full power AP600 calculation (Figure 2) and Volume 448-01
case) to allow energy removal from the primary for the ROS A calculation (Figure 4). For the
system at the reduced core power rate.1he ROS A ROSA transient calculations, trips and controls
steady state secondary piessure and temperature were as specified for the AP600 system.

,

matched the values in the AP600 calculation rea-
sonably well. Ilowever,if the ROSA steam gen. The comparisons presented in this section
crators incorporated thin wall U-tubes (as used in cover the time period from the initiating event
AP600), the secondary pressure would be consid. (break at time zero) through 2,500 seconds. In the

etably higher than in AP600 to allow removal of AP600 calculation, all four stages of ADS had
heat at the reduced core power rate. The thicker opened and IRWST flow had been initiated by
steam generator U tube walls in ROSA require about 2,500 seconds. Since in the ROS A calcula-

lower secondary pressure to achieve the same tion the IRWST was not simulated, the calcula-

result. Primary pressure was the same for both tion was terminated at 2,500 seconds after all four

AP600 and ROSA calculations. The pressurizer stages of ADS had opened.

level for the ROSA base case was set to provide
4.1,2 AP600/ ROSA Base Case 3 in, Cold

| the appropriate scaled AP600 liquid volume. (in
the base case ROS A model, the pressurizer eleva- Leg Break Comparison,The AP600 and
tion and height were different than in AP600.) For ROS A base case 3-in.-diameter CLil calculations

'

those ROS A calculations that included the scaled were analynd with the primary objective being
the identification of similarities and differences inAP600 pressuriier, the initial pressuriter level

was the same as in AP600 The Pill, CMT, accu. the response of the two facilities, especially with .

mulator, and ECC line fluid initial conditions respect to the behavior of the passive safety sys-

were the same for both cases, with the CMT and tems. The results of this analysis indicated good
agreement in many aspects of the primary system

- response and passive safety feature tv:havior, in-

a. Initially, several ROS A 3-in. CLil calculations particular, the early primary side depressuriza-
were performed with 100% of the scaled Al%00 core tion, the CMT circulation and draining, the PRilR
power and loop flow tboth of which could not be

system flow response, and ADS Stages I and 2
obtamed in the ROSA facihtyL The purpose of these .. .

t

amti tion and flow rates were well represented byinitial calculations was to help identify differences in
the ROSA calculation.- llowever, differences inROSA /Ap600 system responses without the added

distortions caused by dissimilar initial conditions. the primary depressuritation and fluid tempera-
1he ROSA calculations discussed herein were per. ture distribution in the intennediate and late por-
formed as they would be conducted in the ROSA tion of the calculations resulted in considerable
facility. differences in the core vapor generation rate and

15 NUREG/CR-5853
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vessel mass inventory. This was especially true Break uncovery occurred about 30 seconds
once Stage 3 of ADS had opened. ~the following before the U-tubes were completely voided and

paragraphs describe the areas of agreement and caused a slight decrease in the primary pressure.

difference for the two calculations. A brief over- llowever, significant further depressurization of
view of the general system response is presented the primary did not occur until the U tubes
first. followed by a comparison of the system became completely voided. Once this happened,
response for the two cases. the prima y twmc thermally demopled from

the secondary, while a clear path to the break,
'

through the hot leg and the U tubes, was estab-
4.f.2.f General Sysfem Response. .The lished for steam generated in the core region. 'the

AP600 and ROSA system response to the 3 m.
primary pressure once again began to decrease at

CLB was characteilred by an early depressurita- a fairly rapid rate, Also, because the mtact side ,

tion phase that was controlled pru.nanly by the
.

W da k PHla were attached) had
break and steam generator primary / secondary voided, the liquid flow natural circulation path,
coupling, followed by a later phase in which consisting of the cold legs, the PBLs, the CMTs,

'

depressuntation was mainly controlled by the and the ECC injection lines, was interrupted.
action of the ADS. The sequence of events for When this occurred, the CMT liquid level began
each calculahon is listed in Table 3. m dry Lowering the CMT levels initiated ADS,

which further increased the primary depresseriza-

Scram occurred shortly after rupture on a low. tion rate. Accumulator now began immediately

pressuriter pressure signal. The same signal ter. following first stage ADS actuation.

minated feedwater flow to and steam flow from
the steam generator secondaries, tripped off the The system continued to depressurite as the

primary cooling pumps, and opened valves in the second, third, and fourth stages of ADS were acti-
'

cold leg Pills and CMT outlet lines. At this point, vated. Containment pressure (or atmospheric .

liquid began to circulate through the cold leg pressure in the case of the ROS A calculation) was

PBLs and CMTs, but the CMTs did not begin to reached at roughly 25 minutes.

drain until later in the transient, that is, even
4.f.2.2 Passive Safety Featuresthough cold CMT water was injected into the pri.

mary, there was no voiding at the top of the CMT Response. Comparison of-the AP600 and-
ROS A calcuhuion results indicated that the initialbecause the water was replenished with hot pri.

mary water from the cold legs through the Pl L system response was in good agreement for the

connection. Nevertheless, the effect was to add two calculations. Also, timing of events and Dow

mass to the primary system. rates awociated with the passive safety features
agreed well up to the point of activation of third-

,

stage ADS. The break flow and integrated break
The primary system initially depressurized now for the two cases are compared in Figures 5

fairly rapidly due to flow out the break and con * and 6.b The ROSA break now was only slightly ,

tinuing heat transfer to the SG secondary. As the higher in the early part of the transient, and total
pressuriier emptied and the hot leg fluid reached flows out the break over the duration of the tran-
saturation, the depressurization rate slowed. sient agreed very well, Break uncovery occurred
Shortly thereafter, the primary pressure equili- at the same time (about 370 seconds) for both
brated with the secondary pressure and remained cases, as shown in Figure 7, w hich ecmpares the
at the secondary pressure for several minutes- break volume vapor void fraction.

: During this period, the secondaries continued to
represent a heat sink for primary Guid, ahhough

'total heat transfer was low because of the small b. - Wherc applicable, ROS A calculation parameters
primary-to-secondary temperature differencea were multiplied by the appropriate Ap60WROSA
Also during this period, voiding in the steam scaling factor to allow direct comparison of calcula-

;

generator U-tubes and in the cold legs continued. ilon results.
,-

1

: w
|-
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,

I

Table 3. Comparison of events for AP6(X) and ROSA 3 in. CLil RELAP5. ;
.

Timing for Timing for
AlWX) Nonnalized ROSA Normalized j

full power, Al'600: reduced power, ROSA
initial. primary initial- primary

condition system mass condition system mass
calculation inventory calculation inventory

Transient event (sec) (%) (sec) (%)

lireak initiation 0.0 1(X) 0.0 100

Scram (Ppri = 1875 psia) -13.6 95 ~ 15.2 95

l'IlL/CMT circulation ~l5 95 ~ 15.2 95
began

|
CMT draining began 372.0 39 390.0 36 I

|First stage ADS activated 576.0 36 640.0 39
;

PRilR flow began 576.0 36 640.0 39
'

Accumulator injection 582.0 36 674.0 40
began

,

Second stage ADS 1137.0 57 1114.0 53
activated

i

Third stage ADS 1281.0 45 1286.0 44.
activated

Foundt stagc ADS 1644.0 21 2096.0 44 '

activated

CMTs empty -1950 23 ~2450 34 ;
1RWST injection began -2478 21 NA NA '

'

t Response of the CYTs and associated Pills ' with smaller pipe sizes.C llowever, flow termi-
| were also in good agreuent for most of the tran-

sient. Figures 8 and 9 compare the cold leg and .h pBLs and ECC lines used in the ROSA .

pressurizer Pill flow rates for the Iwo cases, '

model were scaled to represent the two sets of lines in
Flow was initiated in' both lines ut about the Ap600 sptem. lkch line in the ROS A model was
15 seconds when ECC line valves were opened g ven twice the scaled area of the corresponding line

| -i on a low pressurizer pressure signal. Flow rates in in the AP600 model. Form loss coefGeients for line'

both lines were lower in the ROSA calculation as - inlet and outlet, salves, and pipe tends were Lep', thei .

a result of the higher line resistance associated same for toth models.
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nated in each line at ahiut the tight time and with mulator liquid flow rate in ROSA, but for a.

the same cause. In both cases, steam now through shorter duration.d
'

the pressuriier Pill ceased once first stage ADS
Aher the anunmlator now ceawd, the CM'I.s

was activated.
continued to drain. Notice that while the ROSA
CMT How rate (Figure 11) was generally lower,

than in AP600 (again as a result of the higher
At this point, pressusirer prewme decreawd PillACC line resistances in ROS A), the duration

rapidly, and the preuurizer PflL check valve of How was longn. The net effect was that the
reset. The check valve remained closed for the ROSA CMT draining response agreed very well
duration of the transient in N>th cases. Ako, in with At 600,at least until about 1,NXibeconds. At
both cases, hquid now in the cold leg Pills con- this point, the ROSA calculation exhibited *

tinued until the CMT side cold legs voided (at another interruption of CMT Dow, which did not
aN>ut 370 seconds in AP600 and 390 seconds in occur in the AP600 calculation? The cause of this <

ROS A L Once the CMT side cold legs voided, the now cessation has been identified as a code error,
source of liquid for the cold leg Pill was and such a now cessation would likely not occur
removed. and steam was drawn into the line. Note in the facility. CMT flow was reestablished at
that mass continued to be added to the RCS. Il 39,ut 1,890 seconds. The now cessation had the
was the voiding of the cold leg at the Pillsuction effect of delaying the attivation of fourth-stage ,

that allowed the CMT levels to begin to drop. ADS (see below) and emptying of the CMT. The
Prior to this, liquid was circulated (siphoned) CMT emptied at about 2,450 seconds in ROSA,

*

from the cold leg. through the cold leg Pills and as compared to about 1,950 seconds in AP600.
CMTs, and into the vessel downcomer. Figure 10,
which compates the CMT liquid levels for the Draining of the CMTs activated the four stages

tw:o cases, shows that the CMTs remained liquid of ADS as well as initiated PRilR flow. First- '

full until about 370 and 390 seconds, respectively, stage ADS and PRilR How were activated on a

for AP600 and ROSA, while Figure 11, which CMT level of 75%, while ADS Stages 2,3, and 4 *

compares the CMT outlet flow for the two cases, were activated on levels of 60,50, and 25% .

shows that there was considerable flow through respectively, Figures 13 through 16 compare .
the CMTs during the same period, ADS How rates for the four stages for each case, ,

while Figure 17 compares PRilR flow response.
liecause the CMTlevel response for the two cases >

was very similar, the timing of activation of theOnce the CMTs irgan to drain, now increased
Orst three stages of ADS and initiatton of PRilR

out the CMTs. The higher CMT How rates contin- ,

ued until acrumulator flow began. Initiation of g agn'ed very well (As described above, the
"E "II""Uh "I#8" AUS "P#"i"E *"s delayedaccumulator flow pressurized the ECC line 9"" ROSA because of the delay m drattung of theindownsticam of the CMT check valve and effee-

CMT), Also, there was good agreement for thetiselv interrupted CMT draining until the accu-
magnitudes of the ADS Stages I and 2 Dow rates~

mulators w ere empty. Total accumulator mass .
and for du* MR unw rata Howem, the mag-

now for the two cases is shown in Figure 12. The
numi of ADS Stages 3 and 4 How rates m ROSA

,

accumulator began to inject somewhat later in
was quite different than for AP600. Tius is tilus-

ROS A (about 674 seconds versus $82 seconds in ,

AP600) because the primary system depressu-
d. The ROS A accumulator cou;J be modified usingrited at a slower rate in ROS A. Also, because the

nitrogen volume in the ROSA accumulator was a nandpipe anangement to pmvide for injection of a

P"P'"I "#" 4" ""*** # "I ' """ *#
oversized,'given the scaled liquid volume, the

. allowing a properly senkd nitrogen volume,
accumulator depressurtzed at a somewhat lower
rate than in AP600 (because the differential The reduction of flow that began at aboutc.

change in gas pressure was smaller for a given 1.80n seconds in the ApfoO caleWation occurred as a

loss of liquid volumet This gave a higher acco. result of emptying of the CMTs.

.
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trated in Figure 18, which compares the total inte- fairly rapidly until it equilibrated with the second.
grated ilov out all four ADS stages. As shown in ary pressure. The primary then remained at the -
the figure, there was excellent agreement in total secondary pressure for sev?ral minutes while pri-
flow exiting the system tinough the ADS until mary side fluid continued to be lost out the break,.

after activation of Stage 3. The impact of the dii. Notice that in both cases, the primary pressure
ference in ADS Stages 3 and 4 flow responses began to decrease gradually at about 375 seconds.

- was that the AlWO calculation exhibited a signif- Recall that this is about the time that break uncov-
,

icamly lower veuel muss inventory in the later cry occurred (see Figure 7), llowever, more
part of the transient. The reasons for the differ- rapid depressurization was delayed until the ;

ences between the two calculations are discussed steam generator U tubes and cold legs had
'

in the following paragraphs. become almost completely voided, providing a
clear path for steam generated in the core to exit

4.f.2.3 Disforflons. As diseu ,ed in Section the systeni. Figure 22 shows the collapsed liquid

2.3, the ROSA facility exhibited several differ, levelin the steam generators for the AP600 case,

ences with respect to an ideally scaled AP600 while Figme 23 shows the vold fractions in one of. .)

simulator. While no single difference has been the intact cold legs Oesponse of the other intact

identified as being the main cause of distortions coki leg is identical). Both the steam generators

between the AP600 and ROSA calculations, the and intact cold legs were voided by about
cumulative elf ects of the various differences 4W seconds

resulted in appreciable distortions in the overall
,

system response for the 3-in. CLB scenario. "l At tiils time, the primary system pressuresystem piessure during the mtermediate port |he ,

mn h gan to decrease at a fairly rapid rate (Figure 20) -
of the transient tended to remain elevated in the in the AP600 calculation. The ROSA calculation
ROSA calculation. Also, the ROSA calculation exhibited a similar response, but voiding of the ,

exhibited a higher core inlet subcooling, which steam generators was delayed by about
resulted in a lower vapor generation rate in the 100 seconds. The steam generator collapsed lig-
core region. The difference in core vapor genera- uid levels for this case are shown in Figure 24,
tion in turn resulted in differences in ADS flow while Figure 25 presents the void fractions in the
response and loss of vessel inventory for the two horizontal section of the intact cold leg, and Fig-
calculations, The effects of the various distortions

ute 26 shows the void fraction at the bottom and
on the system response are highlighted below by on the upilow side of the pump suction leg. The
comparing the system depressuntation response intact cold leg and pump suction upflow was
for the two cases and identifying those aspects of essentially completely volded by 400 seconds,,.

the system thennal hydraulic behavior that led to and the bottom of the suction exhibited a h!gh
'-

. the observed pressure response differences. void fraction (which should represem little resis-
tance to steam flow). Ilowever, the steam genera- :

= The pressurizer pressure response for the tot upflow skies did not void until just after 500 -'

|- AP600 and ROSA Meulations is compared in seconds. The delay in voiding was attributed to
Figure 19. Initial agreement was excellent. the differences in steam generator configuration

i

L Between about 400 md 1.300 seconds Be ROSA ' between ROSA and AP600. The ROSA steam '

| pressure remained well ahave tha AP600. generator primary side volume was oversized by
Comparison of primary and secondary pressures about 407c relative to the AP600 steam genera- -

for the two cases and the voiding response of the tors. Also, the top of the tube sheet was about
steam generator U tubes and the cold legs shows 1.5 m (4.9$ ft) lower in ROSA, and the tops of

,

why this occurs. Figure 20 compares the pressur- the U-tubes were about 0.4 m (1.32 ft) higher.
lier pressure with the steam generator secondary Each of these factors contributed to the delay in
pressures for AP600, while Figure 21 shows the steam generator voiding in ROSA.- Again, the pri-
same parameters fm ROSA. As explained pre- mary pressure (Figure 21) began to decrease at _a
viously, the primary pressure initially decreased more rapid rate after complete voiding of the

i
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steam generator occurred. Returning to Figure 19, inventory. The total core region (lower plenum,
immediately after the steam generators voided core, and upper plenum) vapor generation for the
and before firstatage ADS activation, the depres- AP600 and ROSA calculations is shown in Figure

suritation rate in ROS A was considcrably lower 27. Figure 28 compares the vessel mass inventory

than in AP600. for the two cases. It is evident from these figures i

that the amount of steam generated in the core ]
Two sources of distortion may have been region in AP600 was significantly greater than in

responsiht; for the slower depressurization of ROSA (especially after about 600 seconds), and

ROSA. The first source of distortion was inherent the vessel mass inventory was depleted to a
of scaled facil .ies and had to do with the energy greater extent in AP600 as a result. The higher i

'

stored by the structure (i.e., in ROSA the metal. vapor generation in AP6(X) was a direct result of a

to fluid volume ratio and the structural heat- lower degree of subcooling of the core liquid.

transfer 4urface-area-to. fluid volume ratio are Comparison of the fluid temperature and satura-

considerably larger than in AP6(X)). On a scaled tion temperature at midcore for AP600 and
~

basis, more energy was available in the RO.5 A ROSA Wigures 29 and 30) illustrates the signifi- {
structure. This had the effect of reducing the cc d. cant difference in subcooling leading to the dif. :

!
down (and corresponding contraction) of the pri. ference in vapor generation rates. Liquid at
mary liquid, which tended to maintain a higher midcore in AP600 was at saturation, while ROS A ;

system pressure. The second source of distortion continued to exhibit considerable subcooling.

was specific to ROS A and had to do with the dir. The lower coie subcooling in AP600 appeared to

ferent configuration of the upper head How paths be awociated with a considerably higher steam

available to the reactor coolant. The sketch below flow in the intact cold legs, which tended to heat

illustrates this difference (no exact infonnation is the downcomer liquid. This difference is
included due to the proprietary status of AP600 described as follows.

E"b Recall that steam generated in the core (along
with entrained liquid) can escape from the pri-
mary through one of three main paths. First,it can
pass into the hot leg, through the surge line/ pres-
surizer, and then out the ADS. Second,it can pass -
through the break side hot leg,into the broken:

cold leg, and directly out the break. Third, it can
'806^ U 'f* ""d pass through the hot legs, into the intact cold legs.f

then into the downcomer, and finally out the
break. It is flow through this third path that
impacts the downcomer Guid temperature and,;

Alm u c ha correspondingly, the core fluid temperature.n
Steam entering the downcomer from the intact

The upper head in ROSA acted as a pressuri:ct, cold legs mixes with the downcomer hquid,f
maintaining the pressure higher than in AP600. which is then heated. The amount of heating

i-

; This effect was most noticeable in a slower tran- depends on the loop steam Cow rate, in ROSA,
I sient, such as the 1-in. CLB scenario that follows the loop steam flow that eventually entered the _ ,

in the next section of this report. downcomer passed through the single intact cokt .j
leg. In AP600, a much higher steam Dow rate into

The difference in pressure response during the the downeomer was distributed among the three

intermediate part of the transient for the AP600 intact cold legs. Figure 31 compares the total
'

and ROS A calculations was indicative of consid, mass entering the downcomer from the intact cold

crable differences in other aspects of the system
thermal hydraulic behevior, including the core f. 11ecause of the CMT and accumulator flow, the ' ;

region vapor generation rate and the vessel mass - downcomer remained mostly full of subcooled liquid.
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ii ,

I

- legs for the two calculations, for companson, the 'lhe cilects of several other distortions in the U

ligure includes the total mass leaving the down. ROSA facility are not as readily appaTnt in the ;

comer through the bmken told leg. Ilow hom the 3 in. CLil calculation results described above. ;

downcomer to the break was comparable for the Particular areas of concern include the ROSA
two cases until about the time the third stage of pressuri/cr configuration and the loop piping |

A DS opened. Ilow ever, flow into the downcomer How area distonion described in Section 2.3.
from the tinee intact cold legs in the AP600 cal- |

culation was significantly higher 8 than that from The pressurizcr in ROSA was well scaled vol- ,

the single intact cold leg in the ROS A calculation. ume-wise to the AP600 pressuriier, but its height
was much shorter and its diameter was much ;

As implico above, the primary impact of the larger than it veould have been if pmperly How- e

difference in nam How into the downcomer was area scaled. Additionally, the bottom of the 1

its effett on the hwncomer Huid temperatute and ROSA pressuriier was situated at a higher eleva< ;

the conesponding heree of subcooling ofliquid tion than in AP600 (see Figure 1). These distor-
'

entering the core regiw Iipure 32 compares the tiom were likely to affect the system response in

fluid temperatures in the downcomer just below two ways. First, the oversired diameter would ,

the cold leg elevation for the ROSA and AlW)0 lead to lower steam vek> cities in the pressuriter

calculations. The :luid temperature in AlWO was once ADS was activated. This would affeet the
as much as 120 K higher than in the ROSA cat. amount of liquid entrained in the htcam flow out -

culation during tbc intennediate portion of the the ADS and could impact the primary system
transient The cote inlet fluid temperatures and transient liquid inventory. Second, the pressurlier

correslending saturation temperatures are shown configuration and the elevation of the bottom of

in Figure 33. The effect of the higher steam flow the pressuriter, relative to AP600, could distort
_ 1

rates in AP600 was readily observable as a higher the ptimary side mass distribution for the two sys-

core inlet lempesatute (as niuch as 40 K)in temt As an example, a liquid leveljust below the .

AP600 after about 700 seconds This effect, com. ROSA pressuriier represented a level well into
bined with the lower system pressure in AlWX), the AP600 pressurizer. For such a case, more lig-

resulted in the relatively large differences in uid would be situated high in the AP600 system

subcooling, observed in Figure 33. Note that the than for an equivalent level in ROS A.--
,

ECC injection into the downcomer did not signif-
icantly impact the dif ference in subcooling at the The loop piping How area in ROSA was over-

core inlet, in both cases, the total ECC mass sited by a factor of 2.1.The concern with the loop

(CMT and accumulator fluid) being injected into now an a disuntion was primarily related to the

! the downcomer and the temperature of that fluid - hot leg region. Due to the oversited hot legs in

was comparable. Figure 34 shows the total inte- ROSA, the liquid and vapor velocities would be|-

smaller than those in AP600. This could affect
| grated I!CC line flow for both cases, and Figure
! 35 shows the Huid temperatures in the ECC line entrainment ofliquid in the hot leg as well as into 1

j' near the vessel. Again, these parameters agreed the surge line and pressuriier when the ADS was

Jwell during Fie perhxl when masimum subcool, activated, Again, this could impact the primary

L ing differences were observed at the core inlet. side lhjuid inventory, Another effect of the
reduced velocities in the hot legs was that it could -
influence the voiding response of the steam gen-L

- erators, which, as indicated above, was delayed -l

g. In AlWlo, of the totat flow into the downcomer Wh to AP6(0, To address these concems, two
shown m Figure 28. 50 to (M of the flow passed additional ROSA 3-m. CLil calculations were
through the intact cold leg an the hreak side of the sys-

.

tem. and the remainder passed thmugh the two cold performed. One calculation included a properly

legs on the intact side of the system. His represents scaled pressuriier and surge line, with the remain-

a ditterent flow pattem for the two facilities.- for in der of the model being unchanged. The second
ROS A only the intact hiop of fered a Dow path to the included the properly scaled pressuriter and surge
downcomer. line, along with a properly scaled hot leg How r

'
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area. In this second calculation, the connection of system's tesponse was not signincantly affected
the preuuriter surge line to the hot leg was repre- by changing the pressuriter. The responses for the
sented identically to that in the AP600 model. The actual and full height pressuriter cases were very
results of these calculations are presented in similar with only minor small quantitative and
Sections 4.1.3 and 4.1.4. timing dilierences observed. As shown in Figures

36 and 37, the ADS Stages I,2, and 3 integrated

Finally, there was concern about the possible total mau low and surge line integrated mass

effect of dilferences in the ROSA and AP600 flow responses were very similar for the two

input modeh rather than to actual physical plant ROSA calculations The full-height pressuriier

differences. First, the downcomer in the ROSA had very little effect on the ADS Stages I,2, and
3 I"l"I *d" I""-input deck is nmdeled as a single channel, while

in the AP600 deck it is modeled with eight sepa- 4.1.4 Full Height Pressurizer and Area-
rate, but connected, channels. Ihis dif ference

Scaled Hot Legs. As a followup to the scaled
af fects the mi4ing of steam and hquid in the

n MMion, an,ther ROS A sensitivity
downcomer and the corresponding subcooling of. hion m pNmd W a #A'
that iluid as yt passes into the core region. To scaled hot leg tiow area. The ROSA hot leg flow
mvestigate tins elfcct, the ROS A downcomer was .

renodaliecd as a multichannel like the AP600 "*" "'.9"Y Y " "''"' " " " * " "''

* "" '" *' "" } '"* " "4" "" *"E '
W" *. .E*

model. It was determined that the distortion * " '* #""I
cauwd by this nodalization difference was very
small. The results of a 3 in. CLil calculation uni entrainment ap Dow to the preuurlier/ ADS. -

using the multichannel ROSA model are dis- .pw purpow dus ca u anon was to anew the
nnp et of de ht kg men & don on dw AM

cuwed in Section 4.L5. The second concern was
now resimnse as well as other system panuneters.

related to the Pill /ECC line tesistances in the
ROSA nalel. These lines were Dow-area scaled snodel used for de cakuladon aho mdup ;

I "PP*P " # #" """#""" "E "#
'o their counterparts in the AP600 model.

described in Section 4.1.3. All other system com-
Ilecause line resisumees for the small pipes used ponena and wanng conWuons wue ukndcal
in the ROS A model were higher than in the I" N"* I"' I " * " * '
AP600, flow through the CMT system was lower
than required in the base case calculation. A 3 in. The ROSA scaled hol leg calculation showed
Cl.B calculation was performed in which form considerable improvement in the ADS flow
lou coefficients in the Pill.s and ECC line were response relative to the base case, llowever, other
reduced to allow a better match of the CMT sys' system parameters were not significantly af fected
tem flow.1his change provided a slightly better nor were the types of phenomena occurring in the
agreement between ROS A and AP600. The syuem. Figure 38 compares the total integrated
results of this calculation are presented in ADS mass flow rate (all four stages) for the
See ion 4.i.6. AP600 and ROSA base case calculations and for

the ROSA case with scaled hot leg. The better
4.1.3 Full Height Pressurizer. As discussed agreement for the ROSA scaled hot leg and
above, results of the AP600 and ROSA base case -AP600 cases was primarily due to improved cal-;

3-in. CLil calculations showed a significant dis- _ culation of the ADS Stages 3 and 4 response. Fig-'

crepancy in ADS Stage 3 Gow as well as system ures 39 and 40 compare the integrated ADS
mass loss after Stage 3 was activated. One pos- Stages 3 and 4 mass How rates for the three cases.
sible contributor to these differences was liquid By the latter part of the transient, roughly 30%

!- de-entrainment in the ROS A pressurizer because more fluid passed through Stage 3 ADS with the

,

of its over-scaled Dow area..To assess the impact area-scaled hot leg. Thig was in considerably bet-

! of this distortion, a sensitivity calculation was ter agreement with the AP600 calculation than

| performed using a full-height, volume-scaled were the base case results. Also, Stage 4 ADS was
pressuriier and surge line. Results indicate the activated sooner in the ROSA area scaled hot leg _

,
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t

case, again improving the comparison with the the depressuritation sequence as accumulator lig. -

AP600 calculation. Ilowever, the change in hot uid was injected into the downcomer and flowed -

fleg area did not appreciably af feet the tale of mass into the lower plenum and core regions. This
loss through Stage 4 ADS. In both cases, total rtduced temperature liquid resulted in slightly ,

mass through Stage 4 ADS in any equal time lower veel vapor generation rate, theieby reduc-
-increment was about the same and significantly ing the ADS system mass flow ste. The effect j
higher than in the AP600 calculation.This is con- was small and the finer nodolization did not
sistent with the fact that the ROSA ADS How was improve the comparison between AP600 and
being discharged to atmospherie prenure, while ROSAlY. i

the AP600 ADS was being discharged to the
higher prewure containment. 4.1.6 Reduced Pressure Balance Line/

ECC Line Rosistance. Because of the higher
Une n an e obtained by an a scaHng the MsThe response of the remainder of the system

showed relatively little effect due to the scaled hot and ECC line, How through the Ch1T system was

leg. Figure 41 compares the vessel normalized sonwwhat pwn Wr the ROSA duladons enn
requ red. 'lo assess the effect of the lower Ch1Tmass inventory for the three cases. While there
Umv a 3 m. CLB calculation was performed mwere small differences in mass inventory for the
which form loss coefficients in the Pills andROSA cases, neither calculation showed the
ECC lines were arbitrarily reduced to match thedegree of man loss that occurred in the latter part
CMT flow in the AP600 calculation. With theof the AP600 calculation.Thelower vesseldeple-

tion exhibited in the ROSA calculations was emptmn of dw change m funn lou cocumnm,
the model used for the calculat,on was identical toiattributed to the significantly lower core vapor

generation rate awociated with a higher degree of dw model desenbed in Secimn 4.1 A including
the scaled pressuriter, the surge hne, and the hoteme inlet subcooling. Figure 42 compares the
8'total vessel vapor generation rates for the three

cases, while Figure 43 compares the core inlet
The modification to the PHL and the ECC line -

fluid temperatures. Both parameters show rela- lou coefficients gave better agwement for the
tively little elfeet of the scaled hot leg. Figure 44, '

total CMT flow and temperature response but had
which compares the total liquid volume in the only minor effects on other aspects of the system
pressuriter, indicates some improvement m the Mavior. Figure 46 compares the total CMT Dow
latter pan of the transient. Ilowever, the effects

rate for the AP600 calculation and the ROSA cal-
were small. Finally, Figure 45 shows the CMT culmions with the scaled pressuriter and the hot
liquid level for the three cases. The ROS A scaled lep ud with the reduced PHL/ECC line loss !hot leg case did not exhibit the Dow cessation that coefficients. As indicated in the figure, the
occurred in the latter part of the CMT drain down change in loss coefficients resulted in a higher
in the base case. This improved the agreement CMT flow than in the previous case and gave -
with the AP600 calculation and allowed Stage 4 excellent agreement with the AP600 CMT flow
ADS activation earlier than m the base case, as

over most of the injection period. The higher- ;
mdicated above.

- CMT flow rate also improved the CMT tempera-

| ture response coniparison. Figure 47 presents the .

| 4.1.5 Multi Channel Downcomer. A fluid temperature at the bottom of the CMT for
ROSA IV sensitivity calculation was perfonned the three cases. With the hi her Dow rate, the tankF
to evaluate the effect of modeling the downcomer temperature increased at about the same rate-
with a pseudo-two dimensional (more nodes) (although somewhat earlier) as in the AP600 cal-
representation, as was done in the AP600 model. culation and to a more representative level before
The sensitivity calculation was performed for the the tank emptied,
-3 in. CLB scenario. The primary effect of the
renodalized downcomer was poorer mixing; thus, The principal effect of the higher CMT flow on
colder liquid flow at the reactor core inlet during the remainder of the system was a small reduction

,
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- of the bulk primary side temperatme. This in turn ADS. 'these improvernents would be in the funn
resulted in a somew hat . lower primary side satura- of closer agreement in the magnitude of variables
tion pressure and temperature. Figure 48 and timing of events. Ilowevet, the types of phe-
compares the core inlet fluid temperature and cor- nomena occurting in the system would not be
responding satu ation temperature for the two expected to change with this nuviification. l

'

ROS A calculations.The ef fect.of the higher CMT -

How was a somewhat eadier reduction in core 4.2 One-Inch Cold Leg Break
inlet fluid temperature and about a 10 to 15 K
reduction in saturation temperature. The change Hecause- of its small size, the 1.in disneter
m subcoolim; al the core inlet had little ef fect on Neak had a lesser innuence on syster f reswre
the net vapor generatior in the core, Figure 49 resimnse than did larger bacals. Factors such as
shows the core vapor pencration rate for the steam generator and core /venel heat transfer
AP600 and ROS A calculations and exhibits little played a more important role in the system
differmee for the two ROSA cases. Finally, the depressuntation response for this case. There-
higher CMT now led to an earlier depletion of the fore, the system response for the 1-in. break was
CMT mass inventory (1,825 versus 2,125 quite different from that for the 3-in, break
seconds). 'l his allowed the vessel mass inventory described in Section 4.1.
to begin to decrease somew hat earlier for the high
CMT llow case. This is shown in Figure 50, Calculations simulating a 1-in. CLil were per-

which compares the vessel normali/ed mass funned for both the AP600 and modined ROSA

inventory for the three cases. facilities. The purpme of these calculations was
to awess the similarities and differences in system
behador for a case in which system disto:tions4.1.7 Applicability of ROSA for 3-In. Cold cou han a peatMmpact on trandent rnixinse.Leg Dreak Experiments.The AP600 and

. . .
As was the case for the 3-m, . CLil calculations,

ROS A 3 in. CLH analysis mdicates that the
* '#" *"*"""*# # "' ## E "Imodined ROSA facility, with first level changes, '"# "E#""I" "I"E E'#"" # ''

provides representative results for the major exception of the break sire, conduct of the cal- ,

aypects of the primary system response and pas- stiom was the same as described for the 3 in.
sjve salcty feature behavmr. the early primary CLil calculations (Section 4,1,1). Comparisons
side depressuritation, CM'l circulation and drain-

E*" * ""#"*
. ., .

' "" " E" ".ing, PRilR flow response, and ADS Stages I and
ihmugh 6,000 seconds, which included activation

2 initiation and flow rates we e well represented
""""'*"E"*"in the calculations using the modified ROS A +

model. Additionally, phenomena occurring The results for the 1-in, CLil calculations

during the transient were similar for Imth facili' showed that overall trends in system response
ties. System con 0guration differences and scaling were similar for the two facilities. Ilowever, the -
distortions inherent to scaled f acilities affcet the calculations exhibited differences in the phenom-
agreement in the longer term system response * ena occurring during the transient. Distortions in

the ROSA facility had a more pronounced effect
Analyses of the effects of modifications to the over the course of this transient tlum was evident

'

ROSA system, beyond the- described in in the 3-in, break case. The distortions with most
'

Section 2.3, indicate the following. Incorporation impact were the difference in vessel upper head
of a properly scaled pressurizer and surge line initial conditions and the pressurizer configura-
would likely have little effect on the sy stem tion. As stated in Section 2.3, the two facilities
response and phenomena in a 3-in. CLl! simula- incorporated different now paths to and from the
lion. Ilowever, that this is not true for ;he 1-in. vessei upper head. In the AP600 system (as it was
CLil. Inclusion of area scaled hot legs in ROSA' known when the calculations were conducted),
would likely improve simulation of the hot leg flow into the upper head was such that the upper
response as well as that of the Stages 3 and 4 head fluid temperature was at roughly the cold leg
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temperatme during normal operation. For ROSA. While the pressure response for the two cases -i
it was at about the hot leg temperature. Also, the exhibited similar trends, there were several areas |
lottom of the pressuriier in ROS A was situated at of disagreement. First, during the period of about !

a higher cleva00n than in AIN4KL Thus, similar 400 to MX) seconds, the pressure in the ROS A cal-
liquid levels in the two systems may have corre. culation was considerably higher than in AP60(L |
sponded to dillerent liquid inventory distribution. Second, from about 500 to 2,000 seconds, the
These distortions affected both the voiding pressure in AP600 exhibited an oscillatory
response of the primary system and the timing of response that did not occur in ROS A. Finally,.

,

events during system depresn'ritation. Differ- ADS was activated earlier in the AP600 calcula-
"

ences in timing are indicated in Table 4, which tion than in ROSA (3,357 versus 4,326 seconds).
lists the f equence of events for both cases. These areas of disagreement suggest differences

in phenomena leading to the particular remonse -

The differences i system response for the two observed. As identified earlier, differences
facilities are highlighted in the following between the two facilities affected the phenomena

subsections. occurring in the system and the progress of the
transient. The resulting differences in system ,

n sponse as well as the similarities are described4,2,1 Sysicm Response for 1 in. Cold Log
next.Break. Iloth the ROS A and AP6001 in. cold leg

break en!culations exhibited the general charac-
In both cases, the initial depressuritation wastensb,es of a small break transient in an AP600

similar. The hottest fluid in the system at rupture
type systm. hgure 51 compares the pressurizer was in the pressurizer. As the system initially
pressure f or both cases and illustrates these char-

depressurized the pressurizer fluid flashed and
acteristics. They are as follows:

n to drain into the hot leg, While this process
was in progress, fluid in other parts of the primary i

1. An initial, relatively slow decrease in pri- remained subcooled and no voiding occurred. !

mary system pressi re and eventual equi- The volume of Guid exiting the break was made -
libration of the primary with the secondary up by the volume of pressuriter fluid entering the
pressure hot leg. Subcooling in the primary persisted until'

2. An extended period during which the pri- the pmuudiu and suye Une wem cuenday -
empty. After this po, t, the response observed m .mmary pressure remained at about the see-

ondary pressure while primary fluid the AP600 and ROSA calculations became quite
tiifferent.continued to exit the system through the,

' break
L in the AP600 calculation, after the pressuriier

emptied, the hottest Huid in the system was in the
3. Initiation of CMTdraining once the prima y upper core region. Vapor generation began in this

liquid inventory had decreased sufficiently region shortly af ter the pressurirer emptied. The
!. density differences between the hot core / hot leg

4. Activation of-ADS on CMT ievel decream fluid and cooler cold leg /downcomer fluid
w hich reestablished rapid primary depressu- resulted in a natural circulation flow from the ves-
rization, with the pressure quickly decreas- sel towards the steam generators. The steam gen-
ing to containment pressure ( AP600) or erated in the core thus migrated to the steam
atmospheric pressure (ROSA). generators, where it collected at the tops of the
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Table 4. Comparison of event timing for ApMO and modified ROSA LSTF 1 in. cold leg break RFLAP5
calculations.

Time -

(seconds)

thent AP600 ROSA

litcak 0 0 i

i

Scram 108 140 ,
t

PilldCMT circulation began 186 214

CMT draining began 2.520 3,550 -

First stage ADS 3.357 4,326
{

PRilR flow began 3,357 4,326 -

Second stage ADS - 3,516 4,520

Accumulator How began 3,567 4,558

Third stage ADS 3.600 4,608

Fouith stage ADS .3,813 4.862 ,

CMA empty 4,200 5.200

1RWST How twgan 4,6(N)-- NA
_.

U tubes. This steam did not initially condense steam condensed in the steam generators was

because the pnmary temperature was equilibrated made up by subcooled liquid draining into the
with the secondary.- As steam continued to collect cpper plenum imm the vessel upper head region.

in the U tubes, the resulting steam binding first The cyclic behavior ended ones the upper head

slowed and then brought the natural circulation had drained. Continuing icss of fluid out the 3

How to a stop.,While the natural circulation How break eventually led to initiation of draining of

was decreasing, the core liquid heated up to satu- the CMT. ' lids wa followed by activation of the

ration. As further decay heat was added,it caused ADS, which quickly depressurized the system.
_

a slight increase in the primary system pressure The presence of liquid in the pressurizer (which _;

(Figure $1), along with a corresponding increase partially refilled shortly after its initial draining) ;
'

in system saturation temperature. '1he increase in contributed to c.rlier initiation of CMT draining

primary saturation temperature reestablished pri- und activation of ADS than was observed for the

mary to-secondary heat transfer in the steam gen- ROSA calculatiort
'

erators, which led to condensation of some of the

steam. The condensation reduced the effect of the in the ROSA calculation, fluid in the core and ;

steam binding, and natural circulation flow was hot legs remained subcooled for an extended
reestablished. As a result, however, cool liquid period Ivyond emptying of the pressuritc This
from the downcomer and lower core moved was a result of Hashing of het Guid in the vessel

upward in the core. The cool liquid displaced sat- upper head, which held the system pressure above -

urated fluid, and vapor generation in the core the saturation pressure of the core Guld. The ves-

region cea ed. After a short period, the coolliquid sel upper head Guld temperature in ROS A was ,

was heated to saturation, and vapor generation initially at roughly the core outlet temperature. |

p began once again. This phenomenon occurred in llecause of the small flow rates through the upper

a cyclic fashion over a period of about 25 minutes head, this Huid remained hot even after the core

and was accompanied by a partial periodic void- power trip resulted in a couldown of the core

,

ing and refill of the upper core, hot legs, and Guld. Thus, immediately after the pressurizer

j steam generators. The volume occupied by the ' drained, the hottest Huid in the system was in the -|

|
.. .
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!
,

upper head. As this fluid Hashed, upper head liq. exhibited dif ferent response but also af f ected phe. }
uid was forced into the upper plenum region. The nomena occurring in other parts of the system
volume of liquid exiting the primary through the was the upper head. Upper head vapor generation
break during this period was made up by the in ROSA acted to hold a higher primary pressure1

,

draining of the upper head, and little voiding of (than in AP6(X)) during the period immediately '
y

the remainder of the primary was observed. Con- following the emptying of the pecuurlier and
,

tinued I of the upper head liquid resulted surge line. The higher pressure prevented sub-
in conu .ne remaining fluid and eventually stantial voiding of the primary while the upper
the uppes cad fluid temperature dropped to about head drained. In AP6(K), the lack of significant ,

that of the core outlet. At this point, net vapor vapor generation in the upper head allowed the - i
*

, generation in the core region began, along with a primary preuure to fall to the saturation preuure :
4

gradual voiding of the remainder of the primary, of the core outlet fluid. As a result, vapor genera- !
Voiding of the upper parts of the system to the tion in the upper core began early. The period of I

level of the cold legs then ahowed the CMT to interest is the first 2JMK) seconds of the transient,
begin draining. ADS activation followed shortly liy 2,(KK) seconds, the upper head was completely t

thereafter, and the primary qu;ckly depressurized drained in AP6(X) and the level was down to the
to atmosphere. The oscillatory behavior observed elevation of the top of the " inverted top hat"in
in the AP600 calculation was not seen in the ROSA.h
ROSA calculation. Also, the ROSA preuuriter

As indi ated previously, the differences in sys- Iremained ernpty during the mtemiediate phase of
tem n spow for be two cases may have been ini-

the cakulation (it did not begm to refill until after
tiated primarily because of differences in the

initiation of ADS). This resulted in a emiderable vessel upper head initial conditions and thedelay in ADS initiation (relative to APf!HI), as
response of the upper head fluid temperature

there was more hquid in the remainder of the pn-

Amly du mptmt, Figures 52 and 53 compare
mary system that was to be removed before CM1

the upper head fluid tempeMures (at various-
drammg began'

elevations) and the core outlet fluid temperature -
for the ROSA and AP600 cases, respectively. The

To summarue, the Ap600 and ROSA calcu!a- point to note in these fien es is slut the upper head
tions exhibited considerable ditferences in the fluid temperatures m c OSA were consistently
overall system response and phenomena observed higher than the core outlet fluid temperature,
for the 1-in, Cl.B transient. While the trends in while the reverse was true for much of the period

*

overall system response weie similar for the two in AP600. The effect of this difference occurred *

cases, the phenomena occurring in the transient acc the pressuriter and surge line were initially
were strongly affected by differences in the upper emptyi in the ROSA calculation, the decreasing
head initial conditions and response as well as by system pressure resulted in the upper head fluid-

the prenuriier configuration. As the discussion temperature becoming saturated by' about,

above is limited to describing the general course
of events for the two cases, details of the pro- h. The "imerted top hat" portion of the ROSA
cesses and phenomena involved h_ ave not been upper head (volume 140 in the ROSA ralalitation
included. A more deiailed description of these show n in Hgure 4) was closed off from the upper ple-
items is presented next. num and therefore could not drain directly into the

i upper plenum. The now path from the upper head to

4.2.1.1 Eflects of Upper Head Responso 'h' "YP" Pk""* *** (""" '"' '*P #"** #" *
152 in hgure 4) and represented the guide tube now,

; for 1-in. Cold leg Break. The general trend .m
path, The inverted top hat fluid could not escape the

system depressuritation was similar for the upper head unleu it flashed / boiled off,
,

AP600 and ROSA 1-in. CLB calculationsi
1 llowever, the phenomena that occurred during i. The pressuriier and surge line were completely.
! the depressurization were different for the two drained by about 250 seconds in the ROSA calcula-

"

j_ cases, One system component that not only tion and M0 seconds in the AP600 calculation.

i
(-
'

27 LNUREG/CR 5853
e

,-,_.,---- 1w-- -. i i U U_ -. ~,. --_--- . _ 4.I,,.U_, - .E[1. C --- - - , --



- Calculations Results,and Discussion

275 seconds. The fluid temperature then alive vapor generation rate). Figure 58, which is a

remained at saturation for the duration of the blowup of the pressuriier pressures for the two
period of interest. This is illustrated in Figme 54, cases, shows the effect of the difference in upper

which compares the Huld and saturation tempera- head vapor generation. 'the ROSA prenure was
tures in the top volumel of the upper head for considerably higher between 300 and 750
ROSA. Figures 55 and $6 show similar parame- seconds and corresponded to the saturation pres-

'

ters in the top and bottom volumes of the upper sure of the upper head Huid. The higher primary
head for the AP600 calculation, llowever, unlike pressure caused the core outlet fluid to remain
ROSA, Duid in the upper volume ternained sub- well subcooled. Figurc $9. which c>mpares the .

'

cooled until alter 1,200 seconds,k and (with the core outlet fluid temperature with the correspond.

exception of the period between 380 and $20 ing saturation temperature, shows the degice of

seconds) the lower volume remained subcooled subcooling. On the other hand, the AP6(X) pres- ;

until almost 1,700 seconds) sure (Figurc $8) was controlled by saturation of
fluid at the core outlet. The oscillatory pressure

The impact of the upper head temperature dif- response was nuociated with periods of vapor
ference for the two cases was in how it af fected generation when fluid in the upper core region
the respome of the rema nder of the system. In was saturaled. Figure A 56, which compares the
ROSA, the saturated upper head fluid Oashed, core outlet fluid and saturation temperatures for
which tended to hold up the primary pressure. the AP600 case, shows that the temperature aher.
This maintained subcooling in the remainder of nated between being saturated and well sub-
the primary. The lack of vapor peneration in cooled. The cause of this response is discussed in
AP600 allowed the system pressure to drop to the detail in the following subsection,
saturation pressurc of the core outlet Guid, and
car!y Iniling in the core legion was observed (see 4.2.f.2 Pressure Plateau Phase System

Section 4.2.1.2). Figure 57 compares the total ResPorise, The previous subsection described

upper head vapor generation rates for the two the dif ference in upper head response for the two

caset in the ROS A calcuhition, vapor generation 1-in. Cl.B cases and the impact of the upper head

began when the Guid became saturated (at almut response on the system pressute. Partially as a

275 seconds) and persisted al a fairly substantial result of the difference in system pressure
rate until well af ter 800 seconds. In AP600, response, phenomena occurring in the primary

I

except for a few briel penods during w hich vapor system were different for the two cases. Of partie-

was generated, the subcooling in the upper head ular internt is the primary side pressure oscilla-

acted to condense steam (as indicated by the neg. tion (and the phenomena awociated with it) that
.

occurred in the AP600 calculation but not in the
ROSA calculation. The pressure oscillation did

j. Similar response was obsen ed in the upper head not significantly change the overall system
middle and lower volume Guid temperatures, depreuurization response, llowever, as stated
although at slightly later tune a as the Guld in these vol' alove, the phenomena occurring in the two Iacili-
umes was initially somew hat cooler than the top vol- ties during the period encompassing the oscilla- ,

tions were different. This can be important from amne.

"" " ' ' *""#' " "# "'

nu'nt will n t be representat.""" fL. Oy I,20n seconds the uppei head liquid level has ive oena n
decreased below the level of the upper volume, w hich Ouise likely to occur m the full size plant, This
then contained only saturated steam.

section describes the differences in primary side

1. The increase in Guid temperature in teth upper phenomena during the period following the emp-

head volumes, after atuut 15n seconds, was due to tying of the pressurizer / surge line and before
upper plenum fluid entering the upper head, This initiation of ADS.
occured after primary pumps begin to coastdown.
Prior to pump eoastdown. flow w as directed from the As indicated in Figure 38, the prenure in the
upper head into the upper plenum- Ap600 calculation began to oscillate after

.
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500 seconds, with a penod of 100 to 2(X) seconds until the liquid could be heated saturation once
and a peak to-valley magmtude of roughly 0.25 again (see l'igure 61 h The process repeated itself
MPa 06 psi). As desribed in hection 4 2.1, the for a period of about 20 minutes,
owillations were awociated w th vapor generated
in the core being condensed somew hat later in the 'I he ROS A calculation did not exhibit the
steam generators. Immcdiately after rupture, fluid osillatory behavior of the Al%0 calculation. As
in the core region was subcooled. As the system indicated in i igure 66, the vapor generation rate
pressure dropped, the upper core Iluid became in the core region was small dming the first 2,lKX)

saturated, and vapor generation began. This is seconds of the transient (compare to Iigure 61).
illustrated in Figure 61, which compates the core Recall from above that the core region fluid
outlet Iluid and saturation tempenatures a. d remained somew hat subcooled during this period

includes the net core vapor generation rate. This as a result of the pressuriier effect of the upper
vapor migrated flom the core region, into the head. Thus, there was only a gradual buildup of
loops and steam generators. Figures 62 and 63 steam in the hot legs and steam generators. Fig-
show the vapor void Iraction in the intact and bro. urcs 67 and 68 show the vapor void fractions in
ken loop hot legs and the collapsed liquid levels the hot legs and the collapsed liquid levels in the
in the two stemn generators and indicate the accu. steam generators for this case and illustrate the

mulation of steam in these regions on a periodic slow buildup. Once steam began to occupy the
basis."' As steam was being generated, the pri. steam pencrators, heat transfer to the secondary
mary piessure and conesponding saturation tem. (Figure 6W and the conesponding condensation

peralme were increasing. Steam on the primary of steam w as minimal. This is at least in part due
side of the steam generators became botter than to the thicker tube walls in the ROS A steam gen-

the secondary fluid, and primary to secondary crator. Thicker walls woubt tend to damp out any
heat transf er" began to incicase. This is illustrated etfects that would contribute to an oscillatory
in Figure M, which compares the primary pres. type behavior. This is because a larger primary-
sure and break side steam generator primary to. to secondary temperature difference in ROSA
secondary heat transfer. As the heat transfer w ould be required to obtain a response that occur s

continued, steam in the steam pencrators was at a lower temperature difference in AP600.
condensed and the pressure began to fall. Coinci-
dentally, natural circulation flow w as reestab. 4.21.3 E//ect of Pressurizer Response
lished, and subcooled liquid from lower parts of in 1-in, Cold leg Break, The delayed initia-

tion of ADS in the ROS A calculation was a directthe core moved upwards thiough the core,
displacing the saturated two. phase mixture that rewh of the difference in preuuriier response

allowed the steam peacration to occur. Figure 65 that occuned during the first 2,000 seconds of

compares the cote collapsed liquid level and the the transient. In the ROSA calculation, the pres-

system pressure. Note that the core level secov- writer emptied early in the transient (at about

cred s ery quic kly as soon as the prewure began to 100 seconds) and remained empt) until after the

decrease The movement of subcooled liquid into initiation of ADS Dow, in the AP600 calculation,

the upper core shut down the steam generation the pn'aurizer emptied at rougtiy the same time
as in ROSA but then partially r: filled as a result
of vapor generation in the core region, Figure 70

m. Notice that there was an almost complete retil- compares the pressuriier colh.psed liquid level
ling of the steam generator and hot legs following for the two case. In the AP600 calculation, prior
each period of steam peneration. The liquid necessary to the time of ADS activation, about 12 m3
to accomplish this refill came imm draining of the

f. 3)of h. quid was eff.ectively removed f. romt
.

upper head,
the remainder of the primary syste n, This

Note that before the increme in primary pressure / allowed an earlier drainirg of the CMTs and an-

saturation temperature, the primary tmsecondary corresponding earlier initiation of ADS flow in
temperature differential was small Thus, little heat the AP600 case. Notice that while the ROSA
wn being transfer to the secondary. pressuriier w as empty, f he level of liquid in the

1
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surge line on mmded to the same elevation as the AP600 and ROS A the break .lunction was
the level of flum in the Aptu) prewuriter. 'this located at the outlet of Volume 857 03. I:or the
was illustrated in i igure 71, w hich compares the ROSA calculation, the break area was scaled by

pres:uritcr/ surge line collapsed lesel for the two the oserall ROSA /Al%00 scaling f actor of about
1:30.c ases.

4.2.2 Applicability of ROSA LSTF to 1 In. As stated presiously, the main featme und dis-

Cold Log Break Experiments The results of linruished plant response to this break location as

the AP6th) and ROSA 1 in. CLH calculations compared to a " normal" 3 in. Cl.Il was the asym-

suggest the likeliluul of dilferences in the tran. metric draining rate of the CMTs. Scoping cal.

sient response of the two systems. While the m cr. culations have show n that during a"nonnal"Cl Il

all tiends in primary depressuritation were of this site, the draitung of the two CMTs is

similar, phenomena that occuned during the tran. nearly identical. For the POL break, however, the

sient and event timing were dif ferent. The primi- draining of the CMT awociated with the af fected

pal distortions conttihoting to dillerences were Pill was delayed. With the break in the cold leg

the venel upper head and the piewurvet PBl., vapor llowed hom the pressmirer, thmugh
the pieuuri/er Pill, and into the wld leg Pill,
whm h dwn maped througn the break. The

The tourth level of modifications to the ROSA Wed at 6 hw wa', to seduce We prewure at
f acility, includmg addition of a properly scaled de top oNu' ahded N rela 6e to the nonaf-
preuurver and thanging the upper head flow . In' ianon of draining of the af fectedfedM a
path configuration, would likely improve com- was Wus delayci
parison of the transient response f or the 1-in.CLil
case. With tespect to upper head nuxhficatiom,

There w ere two limitations in the ROS A modelinitial conditions and transient flow iesponse
used for the Pill break calculatiot: described incomparison couhl be improved by increasing the
this section. First, in the ROSA medel with the

flow thmugh the uppen head and by using a repre.
first level modifications, the two CMh and two

sentative upper head to-upper plenum flow path
sets of PHLs of AP600 were simulated with aand area. Such a change would likely climinate

the preuuruer ellect of the cmrent upper head single lumped CMT and one set of PHLs. There-

and would allow the earlier core outlet fluid tem. fore, any asy mmetne CMT phenomena could not

perature saturation observed in the AP600 cal. be simulated. This inability to simulate asymme-

culation. Ilowever, it is not evident that such a tries, given only Level I modification, would

change would tesult in the pressure oscillations limit the utility of ROS A in simulating PHL breat
transients. Second, the downcomer portion of theobserved in the APfut calculation. With respect

to the prewuriier modification, a scaled prewur. ROSA input model was represented by one di.

iter would likely improve the esent timing com. mensional components. On the other hand, the

parison for the two cases. llowever, this change AP6N dorncomer was represented by a quasi-
twMmendonal inodel. Thk diff erence in thewould not necessarily affect phenomena occur.
two models appeated to affect the calculation ofring in the system.
several phenomena (including break flow rateh as
#""""'"'''

4.3 Pressure Balance Line Break
An attempt was made to upgrade the ROS A

A 3 in. break in one of the cold leg Pills was modifications to a third level (split cold leg
imposed in this calculation. The break was beyond the pump, renodalized downcomer, two
located in the vertical ponion of the Pill between CMTs, and two sets of Pill.s)in order to address

the top of the cold leg and the vahe connecting some of the limitations of the model. The results
this line to the header piping at the top of the of a calculation made with this third level modifi-
CMT. In terms of the code input mmlets, for both cation model(see the appendit of this report)
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'

Table S. Calculated sequence of events (in seconda
- >

Event
_

APNX) ROSA ,

lireak ogwned 0 0 . [
Reactor scram signal 11 12

Feedwater of f, turbine stop valves began to close 11 12 !

(main steam isolation valves began to close in ROS A) !

fReactor coolant pump trip signal 11 12

S signal 19 21 i

First stage ADS actuated 695 9M i

Second stage ADS actuated 1,190 1,696 >

'thlid stage ADS actuated 1,335 1,890 ,

Fourth stage ADS actuated 1,720 2,376 !
;

Accumulator now began 745 920

Accumulator flow ended 1,0N) 1,130

showed a more distorted response, particularly nearly single phase vapor lqinning at about 500
timing wise, than with level one snodifications. seconds (Figure 73), thus causing ROSA to.
These results indicated that splitting the cold legs begin to depres mrite again at that time, llowever,
downstream of the pump, and thereby allowing the transition to nearly single phase vapor Gow
use of two sets of CMTs/PillA was not an accept- for AP600 did not occur until after first stage
able alternative to the Level I modification. ADS was opcad; and because the tro first stage

ADS valves were bi ger than the break, the effect -F

4.3.1 System Response The general of single phase break Dow was overshadowed by - ;
'

sequence of eventh in both AP600 and ROSA the depressurization due to vapor Gow through
Pill break calculations was similar, as demon. the ADS salves.
strated in Table 5. Ilowever, the actual timing of
events. such as ADS actuation and accumulator The early transition to nearly all vapot break :

injection, was delayed in the ROSA calculation isow in ROSA was attributable io ditferences in
because the level decline in the single CMT in fluid conditions in the downcomer tecion wirre
ROSA was different than in the unaffected CMT the cold legs were connected. The mass now rate

in AP600. This was due to the lumping of the at the affected cold les connection to the reactor .

:CMTs and Pills in the ROSA model. For this vessel (Figure 74) indicated that, for both calcula. -

break location, the effect of lumping the CMTs tions, flow reversal occurred at 180 seconds.

and Pills is that the ROS A CMT behavior was Once flow reversal occurred in the affected cold -

L not representative of either the affected or unaf- leg. the main contribution to the break was from i

L fccted AP600 CMT, the vessel downcomer. The liquid fraction in the - !

I downcomer volume connected to the affected
The overall progression of the transient was cold leg is shown in Figure 75. The figure indi-

illustrated by the primary system pressure cates that a|lthough the liquid fraction in the
_

.

,

response (Figure 72), lloth AP600 and ROSA AP600 volume initially decreased faster," the

depressurized rapidly to the saturation pressure, ROSA volume actually emptied earlier (at ~600 - '

Funher system depressurization was caused by
different events for ROSA and AP600, leading to o. The unaffected CMT did not provide much net :
a different time of departure from the plateau In mass because of recirculation- back to the CMT L
ROSA, the break Dow began a rapid transition to through the PItL
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seconds). As a consequence, the break void f rac- into the upper portion of the Pill and CMT,
tion in ROS A reached one at ~600 seconds where it caused Iunher condensation and a sub-
(ligure 7h sequent rise in the CMT level. 'Ihis refilling

phenomena was not seen in either AP600 CMT:
the unaffected CMT of AP600 did not have a

Another dillerence evident inom the esent break in the Pill, which would tend to cause
sequente was that actuation of first stage ADS accumulator liquid to flow toward it; the af fected
was delayed m the ROS A calculation. Since ADS AP6(W) CMT remained full until 1,200 seconds
actuation w as dependent on CMT les ci, the delay because the break vented all the vapor coming
pointed to discrepancies in CMT behasior. The from the pressurizer /CMT Pill, so any con-
CMT (ollapsed liquid level (l'igure 76) show s densation in its Pill did not af fect the CMT
that, although the ROSA CM'l began to drain |yg e|,
sooner th,m the unaticcted CMT of AP6(K), the
rate of lesel dedine was inudi slower and thus Desides the obvious dif ferences in event tim-
caused the delay in first stage ADS. The ROSA ing, the ROS A calculation showed a core heatup,
CMT began to drain sooner because the break in w hich the AlW)0 calculation did not. Figures 79
the PBL made it more difficult to set up a recir- and 80 show the ciudding temperatures for the
t ulation mode that maintained the CMT level. As two calculations, where Cladding i is in the
opposed to the AlWM) unalfected CMT, which in bottom volume of the core and Cladding 6 is in
the hist 400 sewnds was providing flow to the the top volume of the core. Although the ROSA
downcomer (1:igure 77), most of that liquid was CMT was providing some mass makeup for the
recirculated via the cohl leg and PBL back to the primary system (~10,(M10 kg by 400 seconds),
CMT to keep it f ull. On the other hand, the level the heatup occurred because the mass lost
dropped more gradually in ROSA because of through the break in ROSA was much greater
venting of much of the vapor through the pres- than in AP600 (Figure 81) Also, the decrease su
smi/cr PRL to the break. ( Although the break in core collapsed liquid level to below 40Ci (Figure
ROSA was the same si/e as that in AP600, the 82) represented a more severe condition in
pressme balance lines were twice as large since ROS A than in AP600 because of the relative
they were lumped together. This meant that more elevation of the core inside the vessels of the two
s apor could flow from the pressurifer through the f acilities; the AP600 core was lower than the
ROS A PHL than in any one AP600 PHL) ROSA core. Thus, for the same percentage of

~

mass lost from both vessels, the coriespondine
The openings of the second, third, and Iourth collapsed liquid in el in the ROS A vessel would

stages of ADS wcre delayed in the ROSA be closer to the top of the core. The heatup was
calculation, also due to differences in CMT level mitigated by the initiation of continuous CMT
response The ROS A CMT colicpsed liquid level flow. Although a single unique cause was not
showed an increase in the period from 1,050 to identified for the lower core level depression in
1,150 seconds, w hich the unaffected AP600 CMT ROS A, the major contributor was believed to be
did not. This increase in CMT level fo' lowed the difference in upper head configuration. The
accumulator injection (Figure 78) and was a ROSA downcomer to upper head leak path was
result of large condensation rates in the PBL and much smaller than the scaled downcomer to
C M T. Condensation occurred as cold upper head spray path in AP600, meaning there
accumulator water was circulated from the was less vapor communication (and thus less
dow ncomer out the cold leg connection (cold leg pressure equalization) betw een the core and the
temperature became ~120 K subcooled) and into downcomer. This type of condition could have
the PHL. Condensation lowered the pressure led to a more pronounced core level depression.
thmughout the PBL and at the top of the CMT.
Since the break was still choked at this time, the As mentioned in the prior discussion about the
induced low pressure caused some of the liquid core heatup, the mass lost through the break in the
entrained from the cohl leg to flow past the break ROSA calculation exceeded that in the AP600
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.

calculation. As shown by the break mass flow break Dow was initially larger than that of AP600,

,

rate (Figure 83), this was true for the fitst 500 the ROSA mass inventory dropped more than that
seconds of the transient, particularly f rom 250 to of APMXL Additionally, because ADS actuation'

MO seconds. The flow in this perimi was greater was delayed in ROSA, the final man inventory
because the fluid in the affected cold leg became was greater than that f or AP600 because less mau :
10 K subcooled (Figure 84)due to the injection of had been lost tlnuugh those volves (Figure 86). i

CMT water into the downcomer. It appeared that
the AP600 calculation did not show a similar liccause of pouible concerns about the scaling .

increase during CMT injection because of of the ROSA pressurizer for APuo simulations,

increased thermal mixing (and hence a higher a final point of interest is the pressuriter level '

fluid temperature) .lue to the two-dimensional ICSP0H?e. The ROSA prenuriter was about the

downcomer nodaHeation. In the AP600 down. correct volume for AP600 simulation, but the

comer model, the passive safety injection (PSI) shape was shorter and fatter than a true scaled

lines were not connected to the same stack of vol. representation of the APN0 pressurizer. Despite

umes as the cold legs (as in the ROS A nuxlel) but these differences, the general response of the

were removed by one azimuthal volume from pressuriter collapsed liquid level was the same in

them. This meant that FCC fluid entering the ves, both cases (Figure 87). The only significant dis-

sel needed to mix in more than one volume before crepancy between the two calculations was that

leaving the vessel through the affected cold leg. the AP600 pressuriier renlled to about 10% after

Purthermore. even outside the time when this it first emptied and before first stage ADS was
*

" hump"in break Dow otcurred, the ROSA break actuated. Later in the transient, as the ADS stages

flow rate exceeded that of AP600 because the were activated, the levels in the two cases

!!OSA case showed a lower void fraction at the responded similarly, lloth showed an increase

break. Ilased on the results of seseral ROSA after the first sege of ADS waa opened because

modeling sensitivity studies in which the form of liquid entrainment into the preuurizer from the

loss factoi at the junction fium the cold |eg to the hot leg.110 wever, when the second and third
Pill was varied, it was concluded that the stages of ADS were opened, the levelin both
reduced loues in the ROSA model, because of cases showed a dramatic decrease because more

the lumping of the PBLs and thus a connection to liquid was entrained out through the ADS valves

a single cohl leg, was a contributing factor. When (due to a large increase in vapor velocity in the

a fonn loss factor was input at this junction, the pressuriier) than could be made up for by entrain-

saturated break flow (from ~150 to 400 seconds, ment from the hot leg.

excluding the hump) was closer to that of AP600. 4,3.2 Applicability Concerns. The major;

After 500 seconds, the ROS A break Dow became

i less than that of AP600 because the ROS A down- "E #" #""'#'" "' A * *"I"""" "I

tW uansnt was k lumping M k Ms and
| comer volume connected to the cold legs, emp-

## " #" ##""# "*Y"""#l tied sooner than that of AP600, as discussed
E" # "" #'I *I"#* *E""*#' ""Y '""Y"E "Ipreviously. Once the corresponding AP600

""" *" #"" * o nL e t-downcomer volume emptied at 700 seconds, the, le ci nu a ne u anon nmnstrad Wat
.

i flow rates exhibited the same type of behavior,
Nm one behaved Mmn@ man -Each flow rate exhibited an increase during the

time of accumulator injection because of an #N. """"##W W ^#'' " '# '
us mu e in a mnce in unung M AM,

increase in the downcomer level and decrease in w u er mu e n an nemect #chndowncomer Duid temperature.
of primary system mass inventory, at the end of

An indicator of the effect on the system of the the transient. Further, an over-prediction of lig-
discrepancies in bvak Dow rate and timing of uid discharge through the break (resulting from

"

ADS actuation was the total primary system mass CMT and PBL lumping distortions), in combina-
inventory shown in Figure 85. Because the ROSA tion with the geometric distonion of the ROS A

!
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Table 6. Steam generator single. tube rupture scenario.

Time
bec)

Event AP6(K) ROSA

initiated single t ibe rupture 0 0
i

Reactor scramed, tripput reactor coolant pumps and turbine IP 107 )
valve (closed main steam valve in ROSA)

'

S signal, initiated CM I' Dow $22 546

Steam generator low level, initiated PRilR 5,500 7,192 !

ADS actuation NA- NA.

core being located higher in the vessel than that of depreuurization. Therefore, the times of reactor
AP600, contributed to the calculation of a cow scrum and CMT initiation were almost the same,
heatup in ROSA and not AP600. PRilR initiation timing (on steam generator, low-

level signal) was later in ROS A. Possible reasons
1

4.4 Stearii Generator Tube for the delay were the overscaled coolant loop .
**" ""d 'I' i"'' eased fri;ilon loss in the CMTRuptures ?
discharpt pipmp and PSIS line.

Calculations of single-tube and three-tube sup-
ture caser, were perfonned with both AP600 and The CMTs exhibit natural circulation (buoyan-

ROSA models. The tube ruptmo weie simulated cy driven) convection cooling in addition to grav- i

in the AP600 mmlel by adding a break junction itydriven liquid injectica The natural circulation

between the "A" steam generator outlet plenum cooh,ng phenomena h only observed during peri-

and the bottom of the downcomer, in a manner mh when primary coolant system water level

similar to the ROSA break simulation hardware remains above the top of the CMTs. The S signal

arrangement. The break areas used were twice the opens the valves between the CMTs and their
'#"P#CIN N U"#5 A' N N""" "# P'"""'"combined flow area of the number of tubes rup-
equalization valves connect the kiop u,'1d Hgs totured to represent double ended breaks. The

ROSA break models represented the actual break the tops of the CMTs via the Pills. Since the

simulation hardware presently available. This CMTs are above the hw>ps and are -240 K cooler,

was done so that ar differences between actual a buoyancy-driven Dow patMs stablished via the ,

tube rupture response and those due to simulation PSIS line to the downcomer, through the vessel

in a test facility couhl be evaluated. The ROSA and around the loop into the cold legs, and back to

input model, modified to the first level of changes the CMT via the Pill path.

described in Section 2, was used for these calcula-
tions. This phenomenon was observed in the

~ ROSA,as shown m."C#nados n oth AM and '
" " " ' " '"I'"" ;4.4.1 Single Tubo Rupture. Table 6 lists the

h.gure 89. :mmediately after
sequence of events for the steam generator single-
tube rupture scenario, y s gnaloccu , D w rato m um M Hne

mcreased to 42 scaled kg/s for ROS A and 52 kg/s
The primary system pressure response compar- for both AP600 CMTs. At the same time, flow

ison is shown in Figure 88. he calculated RCS rates in the Pills increased to 33 and 38 kg/s,
pressme response was nearly identical for the two respectively: the difference was due to the larger
simulations for about the Drst 2,000 seconds. This friction of the scaled systemi The CMTs
demonstrated that the ROSA steam generator - remained full during this period, as shown in -

tube rupture simulation hardware did not Figure 90. The flow differences were due to dif-
introduce noticeable distortion into the system . ferent densities of the liquid Howing in the PSIS
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:

L and Pills; the volumenic flow rates needed to le to the PSIS lines. In the AP600 calculation,
i

the same for the tanks to temain full. PRilR initiation had almost no effect on the
downcomer cell connected to the cold leg. Ilow.

The CMTs were a source of mau as well; as ever,in ROSA, the two downcomer cell tempera.

shown in Figure 91, total CMT inventory tures became the same following PRilR
decreased ahiut 280,0(X) kg between flow initia, initiation. The different downcomer temperature

tion and 7AXN) seconds. Eventually, as the CMT distribution (and corresponding downeomer head

ternperature rose and the thermal dilving head diffenence) for the two cases was partially respon-

decreased, the flow rates degraded and the differ. sible for the different CMT drain behavior. The )
ence beiween PSIS and Pill flow decreased. The other contributor to the different CMT drain ;

circulating flow ceased when the driving head response was the liquid subcooling in the PBL tee

was overcome by another force. In ROSA. this that connected the pressur_irer and loop pressure

occurred wben PRilR was initiated (and CMT balance lines to the CMT vent line. Liquid sub-

gtavity driven injection begant in AP600, h>up cooling in this tee for the two calculations is - i

cold leg flow was interrupted by the formation of shown in Figure 94. In AP600, this volume
voids in the awociated (team generator tubes, temnined subcooled following PRilR initiation, ;

despite the magnitude of the associated cool- ;
'

Pressurlier level response is shown in down. This was because the prenuriter level pro.

Figure 92. In both calcuhuions, the pressurizer vided sufficient static head on the 6ystem to
m intain subcooled liquid in the tee. Conversely. .was predicted to empty ofler ~750 seconds. In
in ROS A, the corresponding volume became sat- '

AP600, the pressuriter level began to increase
urated and voiding occurTed immediately follow-due to CMT mass makeup stalling at ,

950 seconds and continued until PRllR initiated, ing PRilR initiation, because there was no liquid ;

The ROSA pressuri/er did not refill, because the level in the pressurizer to provide a static head for
,'

subcooling. The effect of this difference, once
inlet to the pressuriter was situated higher in the
system, and there was less CMT mass makeup, again, was to allow the CMT to begin to drain car- ;

lier in the ROSA calculation.
These w ere subtle differences in RCS characteris-
tics that slowed the ROSA responses to this tran-
sient and made them less pronounced. The primary system mass inventory rerponses

for the two calculations exhibited the same trends
Dif ferences in liquid distribution (especially in - until 5,500 seconds, as indicated in Figure 95, -

the prewurizer), and fluid temperature and mis- Both calculations exhibited a mass decrease until
ing associated primarily with the downcomer ~750 seconds, at which time CMT draining

| region, resulted in significantly different CMT overcame break flow rate and the masses
| gravitpdriven injection response in the tv a increased until about 2,800 seconds. The mass-

calculations .As noted, gravity-driven injection increase was about 10,500 kg in AP600 and the
,!

'

j. from the CMT tank ocentred in ROSA at the equivalent 10 6,000 kg in ROS At the ROSA mass

|- same time as initiation of PRilR flow, The CMT increase was less because of the higher pipe fric- i

| leve| decreased quite rapidly after this point in the tion and lower draining rate of the CMT. Note that

| ROS A calculation. CMT level decrease of 18% in both ROSA and AP600 showed decreasing pri.
I 2.800 seconds, contrasted with a decrease of only mary system mass inventories from ~2,800 sec.

2.54 in 1,000 seconds in AP600 (see Figure 90). onds until the times of PRilR initiation (at about ;

This distortion in the predicted ROSA response ~5.500 seconds in the AP600 calculation and
was influenced by several factors; including the 7,200 seconds for ROS A). Thereafter, the
one-dimensional downcomer nodalization and increased primary system cooling in AP600
the lack of level in the pressuriter at the time of caused coolant temperatures to decrease, thus :

'
PRilR initiation. Figure 93 shows the causing prirnary coolant shrinkage and decreas-
temperature responses in the reactor sessel ing pressurizer level. The temperature decrease
downcomer cells connected to the cold legs and also reduced saturation pressure, which reduced
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1

break flow, as shown in ligure 96. The ROS A diverged thereaf ter. On the intact side, at
calculation did not iollow the same trend us 1,200 seconds, the AP600 feedw ater line emptied

AP600, primarily due to the reduced e(fect of into its downcomer; otherwise, the intact side
PRilR cooling. The PRilR heat exchanger heat inventories were nearly identical as well.
tramfer coefficient specified for the HOSA cal- 1

i
,

culation auumed natural circulation cooling on PRllR initiation was predicted ~l,7M) seconds
,

heat cubanger shell side; an auumption not par. later in ROS A than in AlWXI, primarily because

ticularly appropriate for this transient, because the contant loop temperatute changes were ;

the PRilR side Cube-side) heat transfer occurred
"'tanled by a higher ratio of coolant hop to CMT I

at the steam generator safety setpoint temperature muss, as discussed above. The signal for PHilR -

(560 K). Hy contrast, the AP6001RWSTaide inillation was low steam generator water level, |

(shell side) wall temperature significantly which occuned in the unalfected hop. The actual !

exeecded saturation, and sulmled nucleate boil- low level setpoint in AP600 is unknown; in the

ing occurred in the tank; thm, the heat transfer models it was set to 70% of initial (steaming) |

coef ficient boundary condition assurned for the man Figine 99 shows the steam generator sec.

ROS A PRilR heat exchanger model caused ondary pressure response cornparisons, in the -

underprediction of the actual cooling. The ROS A AP6M calculation, pressure reached the safety

calculation should be repeated with a uore valve setpoint slightly earlier. A pressure decay

sophhticated representation of shell side heat and subsequent return to the safety valve setpoint

transfer in the PHilR heat enhanger, occurred during the period of CMT natural
circulation cooling.

The timing and magnitude of the cooling effect
4,4,2 Throo Tube Rupture. Table 7 presents

were different m ROSA, the timing was slower,
*#4"#"## "I """ "I#"* E#"#'"I"and the loop temperature changes were smaller

n- u mptum cae.
(Figure 97). AP600 loop average temperature
decreased ~30 K and reached its minimum value The three tube rupture case showed the same
at ~2,400 seconds, as the CMT cooling became trends und distortions as the one-tube case. The
less than the core decay heat T"mperature then initial response characteristics for pressures, sys- ,

remmed to ~561 K at 3,500 seconds < ue steam tem masses, break flow rates, and CMT respomes
L generator safetics opened and temoved decay agreed well, as before. The same timing and mag-

heat until the intact steam generator mass nitude distortiom were present in RCS tempem-
decreased to the low level sc8 point, thereby actu- ture and steam generator pressure respomes as in
ating the PRilR system at 5,500 seconds, in con- the one-tube rupture case. Again, pressuriter
trast, the ROS A loop average temperature level recovery was noted in AP600 but not in

'~ decreased -17 K, to a minimum of ~555 K at ROSA.
~3,000 seconds. The ste>am generator heated up to
the safety setpoint between 3,000 and ~5,200 The primary sysicm pressure response compar-

seconds. PRilR was actuated at ~7,200 seconds, ison is shown in Figure 100, The difference in
1,700 seconds slower than AP600. The friction timing of the ADS systems was due to the coolant

pressure drop distortion in the CMT piping and loop to CMT volume ratio distortion, which
the merscaling of the loops may have both con. caused the loop temperature response rnore-
tributed to the calculated differences, in ROSA, slowly, as with the single tube rupture case, in

L the CMT recirculation cooling was effective for a both cases, first stage ADS initiation quickly
i- longer period of time because of the lower recir. caused a rapid increase in CMT flow rate

|' culation flow rate, (because of the increased pressure drop between
the top of the CMT and the pressurizer), and a:

|: Steam generator mass respomes, shown in Fig- tek> cation of system inventory imo the pressur-
ure 98, were in close agreement until ~3,500 sec- irer, as shown in Figure 101 This pressuriter
onds.The affected side inventories showed nearly level peak occuned at 5,800 seconds in- AP600
identical responses for this period and gradually and between 7,300 and 7,550 seconds in ROS A.

!
g
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Table 7, Steam generator thice-tube rupture.

Time
(sec)

livent AP600 ROSA

initiated three tube rupture 0 0

Reactor scram, trip reactor coolant pumps and turbine valve 44 41

Imain ucam valve closed in ROSA)

S signal,irutiated CMT flow 91 135

Steam generator low level, initiated PRilk 5,335 NA

ADS First stage tinitiates PRllR in ROSA) 5,742 7,218

ADS Second stage 5,922 7.556

ADS Third stage 5.998 7.M4

ADS Fourth stage 6,145 7,947

Accurnulator flow initiated 6,(KK) 7,650

Accumulator flow ends 6,235 7.844

1igure 102 shows that about 70% of the total pri. 6.100 and 7,000 seconds (Figure 105). This phe-
mary system mass was iost from the primary s)s. nomenon did not appear in AP600 in this
tem after ADS actuatior . Fluid was carried transient but occured during other scenarios.
upward through the prest ori/cr. and in AP600,
out the ADS hlowdown 'ines into the spargers,.

and out the top of the IRWSI into the contain-
ment volume, in both Al'600 and ROS A, accu.

4.4.3.1 Scal /ng D/storflons. The major dis-
mulator injection temporarily shut off CMT flow tortion in the ROS A results was the slower
during its injection period. The injection of response, owing to the higher friction loss of
subcoo:ed accumulator liquid temporarily

smaller pipes and the overscaling of coolant mass
reversed the system mass ioss. Primary mau

in the primary loops. System depressurization
increased from ~28.00()'o ~68,000 kg in AP600'

resuhs were remarkably similar for the two cases,
with the Guid going primarily into the vessel

which shows that the break simulation hardware
downcomer and core regions: there was a lesser, used for ROSA tube ruptures was adequate for

i mass increase in ROSA, The effect was not as
simulating AP600 depressurization response. The

large in the ROSA calculation, but the trend was
scaling distortion in the pressuriier produced no

similar. There was a second inventory increase in
identified effect, and the steam generator tube

AP600 at ~9,000 seconds (Figure 102) due t
thermal conductance distortion showed little or

1RWST injection, shown in Figure 103. Ilecause
no impet on the response differences.

ROS A has no IRWST, it did not show a compara-
ble increase. 4.4.3.2 Modeling Differences. A differ-

ence occurred in CMT gravity-driven injection
Minor differences occurred in loop flow response because of the one-dimensional vessel

response for the two calculations. The ROSA downcomer model in ROSA. This caused early
intact loop stagnated between 700 and CMT injection flow in the single-tube scenario.
2,000 seconds, because of voiding in the Also, there were differences in the PRilR models,
associated steam generator tubes, shown in Fig- which resulted in different cooldown rates, thus
ute 104. The affected hiop also stagnated between affecting break Dow rates and other parameters.
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4.4.3.3 Applicability of ROSA for Steam operating at full power and thus represents a more
Generator Tube Rupture Experiments. severe transient.

Ilased on the resuhs of comparisons of the AP600
and ROSA steam generator tube rupture calcula- For the AP600 calculation, the initial condi-

tions, the following conclusion was reachedLWith tions included full loop flow, with the primary

first-level modifications, ROSA is capable of system fluid temperature at the full power core

capturing the trends and events expected for the inlet temperature and the system pressure set at

AP600 transient. The main distortions appear to 15.5 MPa. For ROSA, the primary side tempera-

be in the timing of esents. ture and pressure were set to match those in
AP600, but the initial loop flow was limited to the

4.5 Main Steam Line Break maximum loop Dow obtainable in the ROS A sys-
tem (roughly 25% of full flow scaled from

in present PWRs, the primary concern with the AP600). For both cases, pressurizer liquid inven-

MSLll transient has been the extent of the cool. tory was set at a level that would result in the

down of the primary side associated with the nominal full power operating level if the system

blowdown of the steam generator secondary. The were brought up to full power. Initial secondary

couldown has b:en of significance both with Duid temperature matched the primary fluid tem-

respect to pressurized thermal shock of the perature for both cases, and secondary pressure

restor vesselP and retum to criticality for plants was at the fluid saturation pressum. Secondary

operating at hot standby conditions. An additional liquid level was assumed to be roughly halfway

concern in the AP600 system will be the transport up the separator volume, which is consistent with

of borated water from the CMTs to the core, ard the normal operating level for hot standby condi-

the mixir g of the borated liquid with the nonl, tions. Steaming on the swondary was sufficient to

rated reactor coolant. The addition of the borated remove energy added to the primary by pump

water to the core region is relied upon to maintain heating.

the core in a shutdown state. For these calculations, the break was located in

MSI.B calculations were performed for both the steam line piping of the loop without the pres-

the AP600 and ROSA facilities, and the results surizer. The break was simulated with a trip

have been analyzed. The objective of this effort valve, which opened instantaneously to the full

was to identify simitanties an i differences for the area of the steam line pipe. Ilowever, as the

two facilities in the cooldown response of the pri. AP600 steam generators willinclude flow restrie-
tor nozzles at the outlet of the steam dome. themary system and the behavior of the ECC system
effective break area for a double-ended offset(both CMT and PRilR) during the transient. The
shear MSLB is that of the flow restrictor nozzle,

comparisons presented in this section cover the
zero through 3,500-second time period, as this The flow restrictor nozzles are represented in

both the AP600 and ROSA RELAPS models,
period captures the events of interest given the
assumed ROSA facility modifications. The cal-

4.5.1 Calculation Results. The AP600 andculations were conducted from hot standby initial
ROSA MSLB calculations exhibited good agree-

conditions. At hot standby, the primary side fluid
ment in the initial phase of the transient but sig-

temperature was maintained by pump heating
ruficant differences m the intennediate and latter

alone (zero core power is as umed). An MSLB at
pans of the transient. The main differences

these conditions will result in a greater cooldown
between the tw calcul tions were in the primary

of the primary than would occur if the plant were
side depressurization response and the factors
that control that response. Other aspects of
system behavior also exhibited significant varia-

p. Imprmed vessel shielding and reduced neutron tions for the two case, but these variations were

flux in the AP600 system should reduce the likelihood more in magnitude rather than type of phenomena

of pressurized themial shock of the reactor vessel. being observed. The areas of disagreement

&
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~ '

,
_ occurred primarily as a' result of differences in responding depressurization as the primary liquid
- structural heat transfer between the two systems contracts. The primary side cooldown is illus- ,

and to a lesser extent as a result ,of variations in trNed in Figure 108, which compares the fluid
intact steam generater heat transfer response. N- ature at the inlet to the vessel on the break - !

Strue: ural heat transfer plays a more important _ the system. The initial cooldown was .

role in the MSLB tran,ient because of the lack of sht;ntly faster for the APM0 case, and the mini-
core power. The following sections describe the mum temperature was about 4 K lower than for'
similarities and differences for the two calcula- the ROSA calculation. Figure 109 compares the -
tions. A general overview of the system response primary system pressure for the two calculations.
is presented first. This is followed by a compati- Again, the initial pressure responses are in good
son of the general heat tr9nsfer response for the agreement.
two systems. This section highlights the relative

.

_,'
importance of structural heat transfer to the dif- As the transients progressed beyond the initial
ferences in system depressuritation hetween the depressurization and cooldown phase, differences

,

two calculations, in the primary system response began to develops
This is evident in the primary pressures-

4.5.1.1 Main Stearn L/no Break System (Figure 109), which diverge after about 200-
'IResponse. The initial part of the MSLB tran. seconds. In the ROSA calculation, the primary

sient was characteridd by a rapid cooldown and pressure dropped to the intact side steam genera-
depressuritation of the primary system.TN tarly tot secondary pressure (Figure 110) and remained
portion of the primary side cooldown and d pres- at the secondary pressure for the duration of the
surization were similar for both the kM A _and calculation. In the Ap600 calculation, the primary .
AP600 calculations. The primary-to-secondary side pressure (Figure Ill) dropped well below the
heat transfer associated with the blowdown of the pressure of the intact secondary early in the tran-
affected steam generator dominated the primary sient and then c'ontinued to decrease as the tran-
side response during this period. At rupture, lig- sient progressed. Several factors affected the
uid in the affected steam generator secondary primary pressure response, including energy
began to flash, forcing fluid out the break. The removal (or addition) from _(or to) the primary in .
break flows for the two cases (Figure 106) exhib- the steam generators, energy removal from the
ited good agreement, with the ROSA fbw being ptimary due to_the CMT and ifRHR fio vs, and
slightly lower than AP600 carly on and somewhat energy addition to the primary due to system-
higher later in the blowdown 't The blowdown structure heat trmisfer. llowever. as shown in See-
process results in a large transfer of energy from - tion 4.5.1.2, the difference in heat transfer from

L _ the primary to the secondary in the affected steam system structures was the primary contributor to
L generator. Figure 107, which shows the total pri. the different pressure response for the two cases.

mary-t.o-secondary heat transfer rate in the Piping heat transfer to the primary fluid was two
affected steam generator, indicates the same trend to three times greater in ROS A than in AP600.r in -

,

| and similar magnitudes for the two cases. The the ROS A calculation, heat transfer to the -
j- large transfer of energy to the affected secondary primary fluid from system structtires counter-
' '

caused a rapid cooldown of the primary and a cor- acted the cooling effect of the CMT and PRIIR
flows. This reduced the rate at which the primary ,

qE Differences in break flow "xte attributable to
modeling differences for the two systems. The ROS A r. Core power w as assumed to be zero for the main i

steam line break was modeled as blowing down steam line break transient. Structure (piping, vessel,'

'

Arectly to atmosphere (constant back pressure). The etc.) heat transfer is much more influential for this
Ac600 steam line break was modeled as blowing transient, because it represents a significant portion of - -

- down into containment (back pressure increasing the total heat transfer occurring in the primary system
with timek Aho, length of piping downstream of the in transients with core power, structure heat transfer .
flow restrictor noule was different for ROSA and represents a much smaller contribution to total system
AP60(L heat transfer, and its effects are much less noticeable.

I

"
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fluid was cooled, and the pressure tended to hang pressurifer/ surge line collapsed level for the two

on the intact secondary pressure. In the APux) cases, and Figure 117 compares the pressuriier

calculation, piping heat transfer was less able to total liquid volume. Notice that the combined
maintain the primary Guid temperature, and the pressurizer / surge line levels recovered to about
CMT and PRllR nows allowed the primary to the same value in both calculations, llow ever, this

gnidually cool down and depressuri/e. level in the APMK) system represented a signifi-
cant volume of liquid being stored in the pressur-

Other ddlerences in the two calculations occur izer. The same level in the ROSA system was
primarily in the heat transfer and voiding below the inlet of the pressurizer. 'T he volume of

response of the steam generator on the intact side the surge line in the ROSA calculation was mffi-
of the system. In both cases, the intact steam gen- eient to acconunodate the much smaller volume
crator became a heat source early in the transient of fluid being forced from the intact steam gener-

(at about 40 seconJs in the AP600 calculation and ator.

200 seconds in the ROS A calculation) and contin-
ued as a heat source until about 450 seconds in The response of the passive safety features for

ROSA and 550 seconds in AP600. 'Ihis is illus. the two calculations was generally in good agree-
ment. In both calculations, CMT flow was initi-trated m Figure 112, which compares the intact

steam generator total heat transfer rate for the two ated immediately after rupture on a low steam

cases. The secondary-to-primary heat transfer led line pressure signal, and PRilR How began within

to boiling in the U tubes once Guid became satu- the first minute on a low secondary level signal.

rated. Figure i13 shows the net vapor generation Figures I18 and I19 compare the CMT Hows and

in the intact steam generator for the two cases. PRilR Gows, respectisely, for the two calcula-

The higher secondary-to-primary heat transfer in tions. CMT flows exhibited the same trends for

the APNX) calculation after roughly 200 seconds both cases but as discussed in previous sections,

t Figure i12) resulted in significantly more vapor the flow rate was somewhat lower throughout the

transient for the ROS A calculation. The PRllRgeneration. The vapor being generated forced liq-
uid out of the U-tubes. This is indicated in flow in the AP600 calculation increased to a

Figures 114 and 115, which show the steam gen. much higher value than for ROSA initially but

etaf or upflow and downnow side collapsed liquid agreed very well with the ROSA values in the

levels for the AP600 and ROS A cases ' Due to the later part of the transient.' While there was contin-,

higher vapor generation rate in the AP600 cal. uing flow through the CMT in this transient,

culation, roughly 85G of the U-tube inventory primary side mass inventory was not lost, and the
-

was forced out. This compares to only about a CMTs remained full. Thus, the ADS valves were

20% inventoty depletion in the ROS A intact not activated during the transient. Ilowever,

steam generator. Note that w hile steam was being
generated in the intact steam generator, other t. The dif ference in initial PRilR response was

parts of the system (with the exception of the likely a result of the manner in w hich the PRilR heat

pressuri/er and surge line) were liquid solid for ewhangers were represented in the two models. For

both calculations. The volume of liquid forced the APfiO0 calculation. the heat exchanger secondary
w as modeled espheitly. Because the fluid entering the

from the steam generator U-tubes was accommo-
heat edanger inWah was hot, the primary to see-

dated by a surge of liquid into the surge hne and ondary heat transfer rate was hich (subcooled
pressuri>er. Figure 116 compares the comb.med '

nucleate boiling h The result w as a large change in the

primary side fluid density, w hich supported relatively
__ large PR H R flow. in the ROS A calculation, the PR O R

s. The break side steam generator U tubes heat e schanger mandary was modeled as a boundary

remained hquid solid throughout the transient for condition with a constant heat transfer coefricient rep-

both calculations. Blow down of the secondaries was resentative of an average long-term value for the
ov er by about 6n0 seconds in each case, and primary- AP600 calculation. Initial cooling of the Guid was
to-secondary heat transfer was effectnel) zero after much less, and initial PRilR flow was correspond-

this pomt. ingly low er than in the APtOO calculation.

|
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because of the decreasing pressure in the AP600 occurred early in the transient when the break
calculation, small, intennittent accumulator f. m side steam generator heat transfer far exceeded
occurred in the latter part of the transient. This is that of the intact side steam generator.
shown in Figure 120, which compares the accu-
mulator now rates for the two calculations. The The likely impact on system pressure of the

primary pressure remained ateve the accumula. various heat transfer contributors is put into per-

tor pressure throughout the ROSA calculation. spective in Figures 127 and 128. These figures
compare all contributions to the primary heat
"*" " '"' ' ' " ' ' " " ' " " ' U "'' ' ' '"? "4.S.1.2 System Heat Transfor Response
the time period of zero to 6(X) seconds, while hg-for the MSLB. Because the primary remains
ure 128 covers the period of 500 to 3,500 seconds,

intact for the MSLB transient, pressure is con-
. All structural heat transfer is comb.med into a

.

trolled solely by energy addition to or subtraction ve, as is the CMT and PRilR heat
from the primary fluid. Energy can be added to

d Individual curves are maintained for the
-the primary fluid by heat transfer from metal

. intact and break side steam generator heat trans-
.

structures or by heat transfer from the .mtact side
fer. Recall from above (see N..gure 109) that the

steam genciator secondary, which becomes a heat
. primary pressures f.or the two calculations agreed

source early m. the transient. Energy is subtracted
well until about 200 seconds, and after this point

from the primary through heat transler to the sec-
the AP600 pressure dropped well below that in

ondary of the break ude steam generator, or by
ROSA. An evaluation of Figures 127 and 128

replacement of hot primary fluid with cold CMT
or PRHR fluid. The relati$ magnitude of each of

.

cates that the major dif.ference in heat transferm

. contnbutions for the two calculations occurred m
the various heat transfer contributors determmes g gg g;g g g
its impact on the pressure response.

steam generator was the major contributor to heat
transfer until about 350 seconds, variations in this

Figures 121 through 124 compare the AP600 parameer were considerably less than those in
and ROSA structure heat transfer for the intact the stmetural heat transfer. Also, there was little
and broken loops (excluding the steam genera- variation in intact side steam generator heat trans-
torsh the vessel (excluding the core), and the core fer or in heat removal through the CMT/PRilR
itself. Figures 125 and 126 compare energy after 200 seconds. Therefore, it is evident that the
renmval through the CMT and PRIIR systems. major contributor to the difference in primary
Finally, Figures 107 and i12 show the energy pressure response was the difference in structural

-

removal or addition through the break side and heat transfer. The higher structural heat transfer in
intact side steam generators. Several points are of ROSA was the prime contributor to maintaining
interest in these figures. First, structural heat the higher primary pressure in that calculation.
transfer from the loop piping and sessel in the
ROSA calculations was as much as two to three 4.5.2 Applicability of ROSA LSTF for
times higher than in AP600 and remained consis- MSLB Experiments. The following conclu-
tently higher throughout the calculation. Second, sions are b ad on the evaluation of the modified
heat removal through the CMT system was in (first level) ROSA and AP600 MSLB calcula-
excellent agreement for the tw, calculations, and tions. First, the blowdown of the steam generator
except for differences imtially, heat removal secondary and corresponding cooldown and early
through the PRilR agreed reasonably well. Third, depressurization of the primary system should be
energy removal through the break side steam gen- reasonably well represented in the ROSA facility.
erator was in reasonably good agreemen: Sr the This phase of the MSLB accident is dominated by
two cases, with the magnitude in ROS A alternat- the large primary-to-secondary heat transfer rate
ing between being somewhat lower and some- in the affected steam generator, which will likely
what higher than in AP60(L Fourth, while there overshadow the effects of other distortions in the
were differences in magnitude and direction of system. Also, the CMT and PRilR flow response
heat transfer in the intact steam generator, they should be representative of their counterparts in
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the AP6(X) system. Differences in the CMT and such as ROSAI Metal volume to fluid _ volume
PRilR flow response in the AP600 and ROSA - ratios in the piping and components in ROSA will .,

| MSL11 calculations can be minimized by making - be larger than in a full site plant, Metal structures
.the pipe friction losses as similar as possible to thus will represent a greater heat source in ROSA,

h ' those of the AP600 CMTand PRilR piping. Also. This will have more of an innuence on primary

| . a more realistic houndary condition should be side response in the MSLl3 because of the lack of

[ specified for the PRiiR heat esclianger. core' power for this transient. The greater struc-
i ture heat transfer in ROSA will likely result in -
; Second, the differences in the intermediate and significant differences in the primary pressure
! . late primary side pressure response between the response relative to the expected AP600 system

,

j ROS A and AP600 MSI.ll calculations are consis- response, llowever, trends, if not magnitude, of
j tent with the distortions in structure heat transfer other aspects of the primary side behavior should ;

; inherent to full-height, scaled flow area facilities, be represented in the ROS A facility. ;j
<

^
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5. RESULTS OF CALCULATIONS WITH LEVEL IV MODIFICATIONS
The calculation effort described in Section 4 - Initially, the impact of the scaled IRWST was

was directed primarily toward evaluating the not investigated. It was included in this level of
impact of Level I modifications and identifying modiGcations because it allowed a useful exten-
aspects of the ROSA system response that were sion of the calculation into the low pressure par-
significantly different from the response expected tion of the transient. Inclusion of an IRWST in the
in the AP600 system. Based on this effort, pos- actual ROSA would provide an overlap of test
sible changes in ROSA configuiation or compo- results with those expected from AP600 low-
nent design were identified. Several ROS A pressure test facility simulations. The two-dimen-
sensitivity calculations were perfonned in order sional nodalization of the downcomer was
to evaluate some of these changes. For these cal- included at this point to offer a more direct com-
culations, individual components were modified parison between the two models.
to better represent an appropriately scaled APtM
component or the anfiguration used in the The ROSA calculations performed with the
AP600 system. The raalyses of the calculation Level IV modifications included a 3-in. CLB case,

results indicated tha: some of these changes to the a 1 -in. CLB case, and a 3-in. PB L break case. These

ROS A system would improve the comparison particular cases were selected because they should

with the AP600 plant. best spotlight the impact of the modifications made

uut
. to the input model.The results of these calculations

As a followup to the . . ial effort, several addi-
M i k foHowi ions wie k

tional ROSA calculations were performed with a'

associated AP600 and original ROS A Level I cal-
model that meluded the most important modinea-

culations. The purpose of this effort is to highlight
tions suggested by the analyses (Section 4) and by

the improvements in response achieved by incor-
discussions with JAERI and Westinghouse. This

potating the Level IV modifications as w< 11 as to
fourth level of modifications inchided the Level I

identify any differences that may still exist.modifications described m Section 2, with the
f u wing additiont 5.1 Three-Inch Cold Leg Break
1. A full-height pressurizer scaled directly

from the AP600 pressurizer; the surge line The ROSA 3-in. CLB calculation was rerun
configuration and connection to the hot leg with the Level IV modifications described above,
were made the same as in the AP600 model Table 8 compares the event timing for the two

! 2. A modified upper head that included scaled, ROSA calculations and the AP600 calculation.

| upper-head cooling spray flow area and an The results of the calculation show a general

( area-scaled drain path between the bottom improvement in timing of events relative to the
l of the inverted top hat region and the upper base case. Initiation of draining of the CMTs began

plenum at about the same time in the "all mods" case as in

3. PBLs and ECC injection line with modified the AP600 case.First-stage ADS and accumulator

loss coefficients to offset the pipe wall fric_ 0 w began about 45 to 55 seconds lata in the all
m ds case than in AP600,but these times were still

- tion distortion introduced by volume scaling
! earlier than in the base case. Actuation c,f Stages 2these lines
l

. and 3 ADS in the all mods case both occurred
|

4. Accumulator h. quid and nitrogen volumes
somewhat earHer than in the AP600 or ROS A base

| scaled to the AI|600 accumulators: the cases, but the 450-second delay (relative to the
assumption here is that a standpipe can be AP600 case)in actuation of Stage 4 ADS in the

| used in the ROS A accumulator to provide
bases case was not observed in the all mods case.

the correct total hquid/ nitrogen volume
Emptying of the CMTs occurred at about the same

5. A scaled IRWST time in tne all mods and AP600 cases; again, an
6. A quasi-two-dimensional nodalization of improvement over the delay in draining was

the reactor vessel downcomer, observed in the ROSA base case.
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Table 8.- Comparison of event timing for AP600 and modified ROSA 3-in CLB RELAP5
calculations.

Time
(sec)~

ROSA ROSA
Event AP600 (base case) - (all mods) _

llreak 0 0 0
'

Scram 14 15 15

PBL/Ch1T circulation began 15 15- 15. H

Ch1T draining began 372 390 375

First stage ADS 576 640- 620

PRilR flow began 576 640 620

Accumulator flow began 582 674 635

Second stage ADS 1,137 1,114 1,050

Third stage ADS 1,281. 1,286 1,185

Fourth stage ADS 1,644 - 2,096 1,540

Ch1Ts empty 1,950 2,450 1,965

1RWST flow began- 2,478 NA 3,025

A comparison of other system parameters also three cases. Notice that the magnitude of the ECC

indicated improvements with the Level IV modi- Do_w in the all mods case agreed very well with
7

fications. These improvements are described that in AP600. Additionally, the all mods case did -

here. The system pressure response for the three not exhibit the flow cessation that was observed '
cases is shown in Figure 129. During the time in the base case (between about 1,650 and
period after about 400 seconds, the depressuriza- 1,900 seconds)._ As a result, the all mods case --

tion of the all mods case occurred somewhat ear- . exhibited a continuous depletion ef CMT liquid ~

lier and at a faster rate than in the base case and following second stage ADS actuation. Figure
was more comparable to the depressurization of 131 compares the Ch1T liquid level for the three =
the' AP600 case. The improvement in pressure cases. While the level decreased slightly earlier 1

,

response was likely due to the improved upper overall in the all mods case than in AP600, the

head flow path modelling in the all mods case, rate of decrease after Stage 2 ADS actuation was

The more open upper head-to-downcomer/ cold essentially the same.

leg region flow path enhanced the net flow of
steam from the upper plenum region to the break; The AD_S response for both the base and all'

mods cases agreed very well with the AP600 | al-c

culation until after actuation of third stage ADS.
- The main factor in the improved response of . Figure 132 compares the total integrated ADS

the passive safety features in the all mods case flow rate for the three cases. After Stage 3 ADS 3

was the reduction of the PBL and ECC line loss actuation, the base case exhibited considerably

coefficients. This change resulted in a higher total lower total mass loss through the ADS than in.
ECC flow rate than in the base case, which again AP600. liowever, the all mods case showed -

compared more favorably with the AP600 case, marked improvement over the base case. Total -4

Figure 130 shows the total ECC flow rate mass loss from the system through ADS for this

(combined Ch1T and accumulator flow) for the case increased faster after Stage 3 ADS than in
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the base case and w as in better agreement with the seen in the ROS A all mods case. The improve-
AP600 case. ments in the all mods case are described below,

Because of the higher total ADS mass loss in As shown in Table 9, scram occurred consider-

the all mods case (relative to the base case), the ably earlier in the all mods case than in the base

sessel and sy stem mass inventory response in the case and was in better agreement with the AP600

later portion of the transient were in better agree. calculation. The difference in timing for the two

ment with the same parameters for AP600. Fig. ROSA cases was due to small differences in the

ures 133 and 134 show the vessel and system initial pressure response, Figure 135 compares

normalized mass imentory, respcetively, for the the early system pressure for the three cases and

three calculations. Both figures show a more sig. indicates the time of scram for each case as well

nificant decrease in inventory in the later part of as the time of the S signal, which results in the

the transient for the all mods and AP600 cases initiation of PBL Bow and CMT circulation.

than in the base case. Notice that in addition to the _

effect of the lower ADS flow in the base case, the As indicated above, an oscillatory type pres-

higher im entories were, at least in pan. due to the sure response similar to that in the AP6001-in.
calculation occuned in the ROSA all mods case.delayed CMT draining, which provided fluid to

the system later in the transient. Figure 135 compares the system pressure
response for the three cases. As shown in the fig-
ure, the kvel W modifications had negligibleTo summarize, the ROSA 3-in. CLB calcula-
effet on the overall ROS A transient characteris-tion with Level IV modifications showed

imnrovement in the timing of events as well as in tics, flowc ver, comparison of the pressure

the trends of system parameters relatise to the n'sponse in the time period between roughly 400
nd 2,500 seconds (the expanded region in thebase case. The system depressurization and

response of the paEsive safety features all showed Ogure) indicates pressure oscillation in the all
mods case similar to those in AP600. The appear-better agreement with the AP600 uiculated
ance f the oscillation phenomena in the ROSAbehavior :han did the ROS A base case.
all mods case was attributed to the modi 6 cations
of the upper head flow path configuration and its

5.2 One-Inch Cold Leg Break effect on the upper head . . . l conditions.mitta

As with the 3-in. CLB calculation described in Reduction of the PBL/ECC line loss coeffi-
-

Section 5.1, a 1-in. CLB calculation was also per- cients in the al! rnods case resulted in an increased
formed with the Lesel IV modifications. Table 9 flow in the injection line during the period of
compares the calculated sequence of events for CMT circulation, which was in excellent agree-
the 1-in, all mods and base (Level 1) cases, along ment with the AP600 calculation. This is shown
with that for the AP600 case. The results pres- in Figure 137, which compares the CMT flow for
ented ia the table show very little overall differ- the three cases. Figure 138 compares the CMT
ence in the event timing between the Levels I and level response. The effect of the Level IV modifi-
IV cases. Ilowever, some aspects of the system cations on the level response was limited to slight
response of the all mods case exhibited signifi- timing differences. CMT draining started slightly
cant improvement relative to the base case. For earlier in the all mods case (3,300 versus

example, the oscillatory behavior of primary 3,600 secondst but the timing for ADS actuation
pressure seen in the AP600 calculation was also was nearly identical.
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: Table 9. Comparison of event timing for AP600 and modined ROSA l in, cold leg break RIII.APS '
calculations. I

Time
(sec)

ROSA ROS.A- !_

!! vent AP600 . (base case)! (all mals)

'Ilreak 0 0 0

Scrura 90 140 79

Pill./CMT circulation legan 186 214 162

CMT iiraining began 2,520 3,550 3,300

First stage ADS 3,357 4,326 4,285 -

Second stage ADS 3,516 4,520- 4.460

Accumulator flow began 3,567 4,558 4,545

- Third stage ADS 3,600 4,608 4,544

Fourth stage ADS 3,813 4,862- 4,824;

CMTs empty 4,200 5,200 5,200
_

(RWST flow began 4,NX) NA 6,000
,

~

''
The pressuriier collapsed liquid level response a level of about 40% in the AP600 case at the

.was also improved in the all mo h case, as shown equivalent time.
in Figure 139, The all mais case exhibited a pres-
suriter level recovery after almut 500 seconds but. The differeace in pressurizer _ inventory
to a lesser extent than occurred in the AP600 cal- response for the all mods case (as well as the base -
culation, The ROSA base case exhibited no pres- case) and the AP600 case inificates that differ-

~

suriter level recovery until quite late in the ences existed in the mass inventory of the remain-
~

transient. Figure 140, which compares the com- der of the system. Figures 141 and 142 show the -
bined pressurizer and surge line collapsed liquid response of the normalized vessel and system
level for the three cases, again indicates good mass !nventories, respectively, for the three cases.

. agreement between the all mods case and the The nonnalized vessel mass in the all mods case
AP600 calculation, at least during the early part exhibited better agreement with AP600 than did

of the transient._lloth calculations indicated an_ the base case. This improvement is attributed to -
immediate level loss at rupture, followed by a - the' t.evel IV upper head modifications, which -
level recovery to ~10 m (~33 ft);This again allowed a more representative upper head flow--

.

compares to a considerably delayed recovery of - response than occurred with the base case model;
the pressurizer / surge line level in the ROSA base On the other hand, the normalized system niass in ;
case. Between ~l,300 and 1,750 seconds, the the all mods case showed no discernable
level in the all nmds case oscillated in response to improvement. At_the time of ADS actuation,it
the system pressure oscillation, which was similar was at about 40%, the same a3 in the base case,

- to the behavior in the AP600 calculation. Notice - and compares to 50% in the AP600 case. The dif-
that between ~1,750 and 3,300 seconds.' when - ferences in system mass between the two ROSA
CMT draining began, the pressurizer level in the cases and the AP600 case indicate that remaining
all mods case gradually decreased to about 10% hmp distortion (such as cold leg elevation relative

_

This was about the same as the level in the base to the CMT) continuert to influence the resulting
case at the time of CMT draining and compared to system response, in particular, both the base and -
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hil mods cases exhibited considerable delay in the The purpose of this calculation was to demon-
initiation of draining of the Ch1Ts and actuation strate the effects of including all of the recom-
of the various ADS stages relative to the AP(4K) mended modifications and to identify any more
case. The ROSA cold leg elevation was lower sensitivities (of modeling or design) that need to
(relative to that of the Ch1T) than in AP600; be investigated when more current AP600 design
therefore, this was the probable teason for the data is available. The results of this calculation
Ch1T draining delay although not specifically are compared with the AP600 and ROSA base
investigated in detail. cases in the following sections.

To summarite, the ROSA 1-in. CLB calcula- 5.3.1 Comparison to AP600 and ROSA
tion with Level IV modifications showed little Einse Case Resulls.The overallimpact of the
difference in the timing of events relative to the fourth level modifications was evident in the
base case calculation. Ilowever, other aspects of improved timing of events indicated in the
the all mods system response showed improve- sequence of events (Table 10) and in the pressur- ._

ment related to the changes made with the izer pressure response (Figure 143)." In the base
LevelIV modifications. ECC How response was case calculation, all of the major events lagged
in excellent agreement with the AP600 case those of AP600, particularly the timing of ADS
because of the modifications to the PHL/ECC line actuation. The improvement was primarily due to
loss coefficients, and the level response of the separate modeling of each Ch1T, which resulted'

scaled pressurizer was also improved. Likewise, in better prediction of the timing of the onset of
vessel mass inventory fell into excellent agree- Ch1T draining, and also the Ch1T draining
ment with that in AP600 as a result of the response (Figure 144). The better prediction of
improved upper head flow path modeling. Ch1T draining in turn improved the timing of

ADS actuation.
5.3 Three-Inch Pressure

Balance Line Break B sid s the timing of events, several important
transient parameters were also greatly improved

The ROS A PHL break calculation was by the nqdifications. These include the following ,

(which wm N thscuned in the renminder M dusrepeated with all of the fourth level modiGeations
sectionkimplemented in the deck. Other modifications to _

the deck were necessary to simulate this transient
1. Core collapsed liquid level (and, conse-

~

more accurately. These included &dding mmW

l. Separate modeling of the two ECC trains
2. ECC mass flow rate (including IRWST

(mstead of lumpmg them into one) g

2. Connection of each cold leg to-Ch1T PHL
3 R or W m in w g

to a cold leg in a separate hmp (rather than
connecting each to a branch of a split cold
leg in one loop)

u. Note that both the AlWX) calculation and the
3. Reduction of the form loss coefficients in ROS A calculation with all modifications w ese run to

the ECCS lines (PBLs, PSIS lines, and 4.000 secor.J, to reach the time w hen IRWST injec-
accumulator surge lines) to zero because the tion begins.The ROS A base case calculation was only
total line resistance in the ROS A model was run to 3,200 seconds because it did not include the.

much higher than in the AP600 model. IRWST.
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Table 10,_ Comparison of event timing for AP600 and modified ROSA-LSTF 3.in. PBL break
RELAPS calculations.

Time
-(sec)'
ROSA ROSA

Event .AP600 (base case) (all mods)

Break opened 0 0 0

Scram signal 11 12 10

Steam generator il 12 10

isolation

Pump trip 11 12_ 10

Safety signal 19 21 20

First stage ADS 695 904 810

Second stage ADS 1,190 1,696 1,166

Third stage ADS 1,335 1,890 1,388

Fourth stage ADS 1,720 2,376 1,784

Accumulator injection 745-1,060 920-1,130 866-1,290

IRWST injection begins 3,400 NA 3,800

5.3.2 Core Collapsed Liquid Level. In the were closer to that of AP600 in the current cal-
base case calculation, a core heatup was predicted culation (Figure 146).'During the first 700\ :|
that did not occur in the AP600 calculation.This- seconds, because there was only one CMT modt

was due to a much lower predictiori of core cled in the base case, the ECC Dow rate (due only
collapsed liquid level than in AP600. The calcula- to CMT flov ) varied off and on. Separate model-
tion of core collapsed liquid level was improved ing of each CMT and a reduction in the PBL and
in the current calculatim (Figure 145). Unlike the PSIS line loss coefficients resulted in ECC flow
hase case model, the fully modified ROSA model closer to'that of AP600. Also, separate modeling
had a correctly scaled flow path between the of the CMTs resulted in better agreement with
downcomer and upper head and a flow path AP600 in the period between 2,000 and
between the upper plenum and the upper head (as 2,700 seconds,

the AP600 design does). These flow paths to the .

11 wever, the ECC flow rate was different m
upper head, particularly the correctly scaled one the latter portion of the transient-(beyond
from the downcomer, resulted in more equaliza-

3,000 seconds) because IRWST injection was
tion of pressure between the upper plenum and

calculated in the modified ROSA case to occur
the upper downcomer, and a lesser core level later and to have a smaller magnitude than in
depression than in the base case. Since there was AP600. This occurred for two reasons,
minimal vapor flow from the upper plenum to the
downcomer via the upper head in the base case First, the boundary pressure of the IRWST(the

- calcula_ tion, the pressure buildup in the core ten- pressure at the top) was fixed at atmospheric pres-
ded to depress the core level far below that sure in the ROSA calculation. In the AP600 cal,
predicted in the AP600 calculation. culntion, the IRWST was connected to the-

containment, which was allowed to pressurize.
5.3.3 ECC Mass Flow Rate. The timing and Thus, the driving force in the ROSA calculation
magnitude of CMT and accumulator injection was about 15 psi less than in AP600. The IRWST
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was nuxleled this way in ROSA because nothing timing and magnitude of IRWST injection were
was known about how the pressure in the simu- greatly aflected by the boundary pressure on the
lated IRWST was going to be controlled. In the IRWST. A suggestion was riven to minimize this
ROS A f acility, the best way to avoid this problem problem in the test facility.
was to control the pressure in the simulated
IRWST to the same pressure as in the simulated The second is the iaodeling of the upper head
containment (or sump). flow paths. The modeling of the upper head flow

paths (particularly the one to the downcomer) was
Second, and of lesser importance, the piping dm vered to alfeci the draining characteristics of

hiction lowes in HOSA were much higher than in the unaltected CMT (Figure 144). In the modified
APNHL Since the fonn loss coefficients were reto ROSA calculation, the draining of the unalfected
in APMW), they could not be reduced in the ROSA CMT was not interrupted when the accumulators
malel to compensate for escessive wall f riction. injected. Thus, the CMT level did not show the
This lesulted in a more resistant flow path from same plateau in the period of accumulator injee- _

the IRWST into the PSIS lines, which can af fect tion as APMW) did. This is an area that should be
the timing and magnitude of IRWST injection. investigated in future APMW) and ROSA calcula-

tions when beuer APW) design data is available
5.3.4 Reactor Vessel Mass Inventory. The (so that more about the physical characteristics of Y

ayreement with APNN) reactor vessel mass imen- the APMW) upper head flow paths is known),
toiy (1 iyme 147) was irnproved, mainly as a con.
sequence of better pred.ction of the timing of 5.3.6 Summary and Conclusions. As
ADS actuation. Particularly after 1,(WX) seconds, expected, the agreement with APNK) was greatly
the impmved timing of second, third, and fourth improved when the fourth level of modifications
stage ADS actuation gave much closer agreement was added to the ROS A input deck. The two
in trend and nmpnitude, lloweser, in the final changes that had the most ef fect on the results
phase of the tramient the delay in IRWST injec- were the separate mmleling of the two !!CC trains
tion in the modified ROS A calculation also and the modeling of the flow paths to the upper
delayed the slight recovery in mass inventory head. The most improved key parameters were
seen in the APNN) calculation w hen the IRWST the timing of events, the cladding temperature,
began to inject. and the reacmr vessel mass inventory, llowever,

two areas were identified that will require further
5.3.5 Sensitivities in the Calculation. There investigation: what the boundary pressme in the

"

- were two main sensitivities connected with this IRWST will be (and how it will be controlled) and
calculation. The first is the IRWST houndary how to appropriately model the upper head flow
piessure (discussed in the pres ious section). 'ihe paths,

-
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6. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The analyses presented in earlier sections each nections to the two pans of a split cold leg.

included specific conclusions. This section sum- The results of this evaluation (the appendix)

.mari/cs the general observations made through- indicate that the system's complexity
out the study. requires more changes than the ones pro-

posed.The fact that the two CMTs would still
shair the same vessel penetration intralucesThroughout the first part of this effort, the
additional distortion and makes the simula-following observations were made:
tion differ Imm AP600. Such nuxlification is
thus not recomtnended.

'

With the minimum, first-level, of nuxlifica- |*

tions (CMT, Pill, ADS Stages I through 4, Distortions due to sealing (smaller pipes and.

PRllR, and reduced hiop seals), ROSA was larger metal mass / volume ratio) are partially
able to represent reasonably well the early responsible for timing differences (more
part of most transients (until about the third pipe friction, slower flows) and the lesser
stage ADS). As time evolved, or for rela- loss of mass in ROSA than in AP600. Such
tively slow transients (1-in. CLil or one distonions are not panicular to ROSA and
steam generator tube rupture), a number of would be expected of any scaled facility.
distortions combined to cause the ROSA
behavior to diverge from that of AP600.The in summary, for the first part of the analysis,
difference in the coolant flow path in the ROS A, with the minimal modifications listed car-
upper head was identified as a major contrib- lier as the first level set of changes, can capture
utor to the diuortions. A relatively minor, but most of the behaviw and phenomena of AP600,
additional.. modification of the ROSA upper for relatively fast transients, and the data from
head was identihed that should impmvc the experiments in POS A can be used for code assess-
fidelity of ROSA simulation. ment, llowewr, ROSA with minimal modifica-

tions cannc he expected to capture all phenomenaa

it was determined that the nontypical pres- occurrir.g in AP600 nor all features of transiente

suriter of ROSA,its elevation and its surge aceir, nt sequences, and care should be taken
line connection contributed to some of the whiie selecting and analyzing any experiment,
diff erences observed. In particular, the mass
distribution of the two systems differed in the second part of this effort, a set of selected

because of the different elevation and shape scenarios were simulated, using the recommended '
additional modifications m the ROSA base case.of these two components. Thus, a second
These modifications resulted from the analyses

level modification was recommended in and from discussions with Westinghouse and ,
-which a new pressurizer with the correct

J AERI.The purpose of the second part of the effort -
ejevation and surge line connection is used in was mainly to verify that the recommendedROS A to improve its approximation to ,

changes mdced improved the simulation and noAPW additional distortions were uncovered or-

Because of its single eufd kg per loop and.

thus single CMT configuration. ROS A witi! As expected, the agreement with AP600 cal-
first level modifications could not represent culations was gready improved. The two addi-
nonsymmetric features of AP600 response. tional mmlifications (to the base case or Level 1)
This was observed in the PB L iveak (Section that appeared to have the most impact were the
4.3) and to a much lesser degree in the other modeling of two separate ECC trains and the
small breat loss of-coolant accident scenar- adjustment of the upperhead flow paths. Addition
los. An attempt was made to evaluate yet a of an IRWS1 allowed the simulation to be carried .

third level of ROSA modifications, which further, beyond the opening of the fourth stage of
would include two CMTs e od their PH L con. ADS.
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Figure 1. Schematic comparison of system elevations for AP600 and ROSA LSTF.
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Figure 77. CMT injection now rate for the pressure balance line break.

500 -=
. |-

- - - -
~

AP600 (combined)

400 - - - - -

T
-- - - ~

. ROSA
~ '

! |: '-
-

$ I'";i i
,* -- - -- - T-"--

-x 300- - --- +: r--

-
i:

.e. . :
-

m .
1

200--- -- L + - '- --- -"C -- -

3 : i
O . .

u. ,. ,

+ - -- ---
| m 100 -- -~ ,- t-

- - -

o : :,'

5 : : -

.
:
. .

0 a '

= ~ ~

,
i

100- " "- * ' ' '"-' ~

0. 400 800 1200 1600 2000 2400 2800 3200

Timo (s)-

Figure 78. Accumulator injection now rate for the pressure ba' lance line break.
.

93' NUREG/CR 5853

3p,9- m- . - + . ~ . - - , , ,%.~,=-.,e
.,.,,-_y e. - , . . r . - ~ - - e -.w., r .,wr , ,w-.<se ., y.-. .- .. .-



- . . __ . - _ - _ . - _ _ _ _ _ _ _ _ - _ _ _ - _ _ _ _ _ _ . _ _ _ _ _

ef ' d - ~] ' -t & ~750- e v -

700 - - ~ ~ ^ ~ ~

Cladding #1
-

Cladcing #2
- - - - Cladding #3

650- -- 'A - .' - - - Claciding #4

I' t -- Cindding #5_

M{ { ! Cledding #6
~ -

M
600 T --] .

~

* L -. ]

$ 550 - -r- -

i
- --

E !

$ 500 -- - - ~+ l
t

th. r~ .@
! n*g*I--

450 - - - - - - ) 9 "^ 6 ?vg*Y ~ ~ t- i

~ -y~: 7;r.ny;'m~~ Q AA
400 - -

7---
- - J

' ?- ' - - ;
I

I

F"'" " "" " +- -H -350 - " " ' -"

0 400 800 1200 1600 2000 2400 2800 3200
Time (s)
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Appendix

Sensitivity Study of Pressure Balance Line with
Two Cold Legs and CMTs

A.1 INTRODUCTION ior upnow side tubes in AP600 cleared of liquid
more quickly than in ROS A, starting at about 300

A sensitivity study was conducted f or the pres _ seconds, roughly connponding to the time the

sure balance line 3-in. break case to evaluate the (ore level depression began in ROS A. Second,

potential benefit of including third-level nuxlin- ROS A had an inverted top hr. apper head design,

cations in the ROSA facility.These modifications which muld only drain via the guide tubes or to

comprised the addition bf two separate core the dow nmmer. The guide tube path was much
mote restrictive than in AP600, and the down-

makeup tanks (CMTs) and associated accumula.
tors and piping. Separate pressure balance lines cmner leakage path was much smaller; initial

weie sequired, which were connected to separate ternpnature was thneby the wune as mn* outh t

bianches of the cold leg.1hus. the cold leg was temperature, and with decreasing system pres-

modeled as two branches of piping between the sure, the ROS A upper plenum became a supply of

pump and the downcomer penettation. This saturated steain, not a wurce of liquid. Con.

malel included all the first and second les el mod- muiy, de AP6(O upper heaJ obtained cooling

ifications as well; plus, the ROS A downcomer spray Mun the downcomer, was initially at cold

model was changed to a pseudo tw o-dimensional leg tanpnatme, and was a source of liquid to the

icpresentation to make it similar to the AP600 core. Therefore, the core collapsed liquid level

model. responses of the two models were significantly
different. In ROSA, the reactor core became the

A.2 ROSA CORE UNCOVERY wuwe of watn for the bqak now, whneas in
AP600, the core collapsed hqu d level was main-
tained greater than about 75%

As show n by Figure A-1, the initial scaled
break now rate was higher in ROS A. panicularly The ROSA core uncovery caused a heatup -

during the early response (prior to 600 seconds). (Figure A-4) not seen in AP600. The energy
'lhis was attributed to the dilference in cold leg release into the coolant during the fuel quench
elevations, which apparently caused the delayed the pressure decay respeme in ROSA. It
dif ferences in break s oid fraction w hich occuned also resulted in higher energy steam Dow through
between 50 and 500 seconds. This was the same the broken loop following the quench. This steam
as the base case (Section 4.3). During the first was condensed by the cold accumulator liquid
500 transient seconds, void fraction in the dow n- Dew ing up the dow neomer and back into the cold

comer cell connected to the affected cold leg was liquid. Substantially, more condensation was pre-
lower in ROS A than in AP600. This resulted in a dicted by the code for this case than for the com-
lower cold leg void fraction and higher break parison AP600 calculation and occutred in the
flow in ROSA. The atypically high break flow, period between 1,200 and 1 A00 seconds.
coupled with other factors, was responsible for a
predicted core liquid level depression in ROS A A.3 DELAYED CMT RESPONSE
that was not seen in AP600, shown in Fig- IN ROSA
ure A-2. These other factors include differences
in static and friction head in the steam generator The overall progression or timing of the tran-
tube bundle upflow sides and differences in the sient was controlled in both cases largely by the
upper head configuration and initial conditions. draining characteristics of the intact CMT
First. as shown in Figure A-3, the steam genera. because the opening of the ADS valves, and sub-

A-3 NUREG/CR-5853
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sequently the aduation of the accumulators, was A-7h it can be seen in the ROS A nodalitation
dependent upon the lesel decrease in the intatI diagram (1ipmc 4) that the upper head had only
CMT. Thus, the major dif f erences shown in the two posuble drain patim to the downwmer and
ROSA (alculanon were attiibutah! to delayed through tLe guide tubes to the core region. Fur-
draining of the mtact CMT Jirure A 5L 'Ihese thermore, the scaled area of the upper head to
dif f erences included late ADS actuation and downwmer flow path was only almut 12% of the
accumulator injet tion. Also, late acconmlator area of the same flow path in A14dK). Since there

injection resulted in delay of the draining of the was no direct drain path from the up[wr head to
auctled CMT uhe CMTs could not flow while the upper plenum as in AlvdN)(1:igure 2) and the
the accumulators were injectingt drain path to the downcomer was much smaller,

the HOS/. upper plenum took much longer to
'I he delay in intact CMT draming oc cuned pri- empty than that of AP(dHL As s<:en in Hgure A-7,

manly because mids appeared in the cohl leg to the Al%OO opper head w as completely drained by
w hich the Pill, was connected about 300 s"conds 400 sewnds; the f(OSA upper head Volume 148
later in ROSA (1:igure A-6). As lony as the cohl was not completely drained until af ter 600
ley contained mostly liquid, the CMT continued seconds. (in ROS A, npper head Volume 152
to operate in recirculanon mode and did not drain. voided qmtLly because it is initiali/ed 34 K hot-
I:or the first 400 seconds of the transient, both the ter than upper head Volume 150 in AP600.)
ROS A and AP6(W) intact CMis operated in recir- llecause the AP600 had an additional drain path
culation mode During this period, the intact f rom the upper head to the upper plenum and the
CM I's were providmg flow to the downcomer, path the dow ncomer was larger, the upper head
hut most of that hquid was recirculated via the emptied sooner, and consequently, the down-
cohl leg and Pill, back to the CMT to keep it full, comer level began to increase earlier and the cohl
I.ater, when a significant amount of void legs were uncovered sooner.
appeared in the cohl leg 00 which the Pill. to the
CMT w as attached), this reciiculation ceased and The "Y" configuration of the split cold leg
the CM l' level began to drop, hi Al4WL this cold peometry also contributed to the sus'ained recir-

leg began to contain voids at 100 seconds, ROS A Winn maic in the intact CMT because it dis-
staned to contain voids at 400 seconds. As a torted the magnitude of the flow rate toward the
result, the AP600 intact CMT began to diain intact CMT once cold leg flow had reversed (lig-

sooner than that of ROSA. ure A-8L in both cases, the break caused the cohl

leg flow at the vessel to reserse at about 200 sec-

Although a single root cause of the later void- onds. In AP(dK1, since the two cohl legs weie con-

mg of the wid leg to which the intact CMT pres- nected at separate locations to the downcomer,
sure balance line was connected has not been the How in the intact cohlleg dhi not tend to stay
conclusively identified, the major contributors reversed, in ROSA, however, the break caused

are believed to be the upper head response and the the flow to be reversed in cold leg Volume 252
split cohl leg geometry. Of these two factors, the and stay reversed for about 400 seconds. Since
upper head response appeared to have the most the cold legs to which the intact and aficcted
impact on the cohl leg void f raction. Pill.s were attached were both connected to the

vessel through a single pipe (Volume 252), flow
Differences in the Oow paths out of the upper also stayed reversed into the mlume connected to

head caused the draining rate of the ROS A upper the intact Pill. (Volume M8) and contributed to
head to be slower than that of AP600 (Figure continued CMT recirculation.

NUlWG/CR-5853 A-4

.. _



._c_,_,_.,7_,_m.r_,___ _,_,._,_,_,-r-*+t-,----,-v----

AlWK)
--- ROSA.lv

400.0

7

h''
tu .

% ' \

"n
,s y

'
, , ,,

;d 200.0 t i o i,ii.e is 19
'

, o 1, f. - qb ,i
g

,

- ,

h
' '

||

j y|fk
.

cr.

, h. '
f

''
w ei i

,'

,

't . , _ | , '| |ii t
14 5

.

0.0 * -- '*-^-" '- -- L--- 2% '~rtr-''=-*r**"-**=''-

00 400.0 800.0 1200.0 1600.0 2000.0 2400.0 28()0.0 3200.0

Time (s)

Figure A- 1. Pressure balance line 3-in. brcal-break flow rate iesponws.

100.0 v- 1 -- ------r------- -------------r----+-- -

[ /'I '['|' ' 's~' i'''

/$ qh,;e,\'', ,,,

80.0 's ,.|' g r
'

\,,: \, ,r~ :
,'E '.
^'

i

'' |z
'60.0

b' 's | \,
2 s o

E 's d',|
3 i ,' t
93 I g

{ 40.0 ', 8 -

a \ |,> >,
,'d ''

,

\ |
'20,0 |'i

8)'e\ - AWin
s

' ' ,[ e --- ROS A.IV
's e'

h 3

- - - - - " - - - ' * * - - - - - - - - - - - - - 5---*- - - - - - - ' - -(10 --- -
-

0.0 500.0 100(10 1500.0

Time (s)

Figure A- 2, l'ressure balance line 3-in. break-core collapsed liquid level (9 ).

A-5 NUREG/CR-5SS3

_ _ _ _ _ . _ - _ _ _ _ - _ - _ _ _ _ _ _ - _ _ - _ _ _ _ _ - - _ _ _ - _ _ _ _ _ _ _ _ ____ _ --



- _ _ . _ _ _ _ _ _ _ _ . , _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _____--_ _ _ _ _ - - _ ___ ______ _ _ - - - _

~

10.0 -s + - i,

i
e

t
4

's Al%00
'

ROSAlVi - - --

'
t
i

'
E i,.

*C 4

$
'#'

i ,,

5.0 s! -

5. , , P'.'s
"Q e,

s
so
* 's |,. , .

O 's , li
.

'

.
~
'''
so

E I1
% %g

i
*

% %

"*M -'
0'0 - - - " '

O.0 500.0 1000.0 1500.0 !

Time (s)

.

Figuro A 3. - Pressure balance line 3-in, break-steam generator tube upflow side collapsed liquid level.
,

900.0 -

--.. ,

4

800.0 -

1

J' httf.mp-124100109 -----

u httemp-124100209,c ,
'

httemp-124100309- - ~ ~

700.0 j httemp-124100409 - -

.,

/ / 't( Sttemp 124100500
-a ,

'C /

h ' 00.0 | | \
emp 124100609htt.

{6 } }|'/
- . I --

}
E. g .- w -4 4g

500.0 N.-

s%~.,s
-

*%Weem, ,

\ W ,, '

.

N u - i-

'~
~

400.0 '~ --- ---

0.0 500.0 1000.0 1500.0

Time (s) - j
"

- Figure A 4. - ROSA pressure balance line 3-in. break-fuel cladding temperature (K).'-

.

NUREG/CR-5853 A6
. . _

'5Fitt* !- 1 *N T' 9*' *m-'''-'9a- ""*itW' M 'M-'*1''"T't-" N' ''*O* 9rL 4'M 97 *T W +?T+ W f-s vf trM't t-- 'P-.t*' **NfT' -PM t' e *M " ' ~ ~ " T'-**T F*W TP r f



.-.. - -. _ .- - . . ~ - . . _ - _ . ~ . - . . ~ . . . _ . - _ . - . - - . ..- _ . .. - - .- - - . - . - ~ - ~ . -.

'' ' ' ' ' " " ~ ' - -' " '' " '""*" """- -120 -
,

100-M HP C' -'O ~ ' " s~ ' ~ ^ - - - -

'n .

'Q
b \.

- ~ ~ ~ ' NT. - ~~~ ' "~ ' 1$t 6'*9' ADS80 - ~- --

4~
-I ~h'' 'f,k '

'

* / Pnd inage AD3

urn 160w ta\ " '
g~ ~ * ' *[N *

'O: "-~
~~ ^

'

~t/00 ~ ~ ~ ~ ~
.,

Acc *
pins i .

., , ,
'

4
.

3rd Stage ADS'
.

-A-- m tiow orgs
- n -- <;-~ - <-40 - -- -

'. O. 4th Stage ADSs

'., my
20 ~ ~

-o-- APG00 (affectod)
~ -" ~ ~ " ~~

b - .
U

-0- APG00 (unaffected) -

.3- - rFo --

0 -- o~ ROSA IV (aflected) ._ o ..
-0 ROSA IV (unaffectod)

'

' .gn-, w- -

, , , - , - m -e- , , - -

0 400 000 1200 1000 2000 2400 2000 3200

Time (s)
.

i

Figuro A 5. Pressure balance line break (twa cold lers): collapsed liquid level in the core inateup tanks
shows that the ROSA CMTs drained lates than those of AP600. ;

.p e a.-a -~ a- u- .

3-
- .a. ,pa7 yam;:,.

sR .. n,: !I,

y :U* ::. - AP600'

t' -.
: | [* [j; * 3

0.8 - -- ~i - -d ;;& i.ii - '- -~~ * - ROSA-IV - -

.-.:4.t.1.:. :
-

- .

d 3.tj!.!!j$ 3!!c
P :: N, :;4., >. '

u 0.0 -
---

~ '| -j$:':C {W - ~ ~ ~ - - ~ ~ ' - - ~ " - *tj
.a 5::.: y .

~

Es3 ji
. h@0::

it j
N li9

s di ! E?
--- -"~~~

Q: Sip
~ - ~

0.4 '
- ~ - -t -

b
2 g :: f:9% :
> ; 335:: :

t $$:: :
--

M@$.~3 - :
E I--- 3~ i -- --- - ~ ~ ~ ~ "~-' -

0.2 ~~~

: :
:~h .

4
, .

I T3d
I. a.::r

+r'~ 'w'"- '

0- ~ ' ' ' ' - - ' ' - --

0 400 000 1200 1600 2000 2400 ~ 2800 3200

Time (s)

Figure A 6. Pressure balance line break (two cold legs): void fraction in the cold leg volutne connected
to the intact CMT pressure balance line (Volume 375 for AP600 Volutne 249 for ROSA) shows that voids
appeared later in the ROS A cold leg.

A-7 NUREG/CR-5853 .

_

maem'w*e-w**eusr- ?ewyw.4*e--- +-m.9-'ehaw_---.r,ee-evarul.m-rw-T Yw % e w- vre---ee'w e'*e-- W''*%'t- --rw.~'*+"Fwut'9 A*-9-b7M'-" M'-4--iedar- e W+ e= - -pp- qywwyy .m-nwv-ryiw-pm=-av-m-Tsim'< + ---=*r- y v-y---w--'



' ' '-' f. aa 9.-i -s e.a.,i, y1 + ; ' - ' ",a"< 'a+
3 , _a.

|

I i
l

I
i

08 I }
| | i

r j I
v \.

N OC l ! I

i ii
4u

|o
> i

0.4 1
'

'

.

o ,

N l1
' 8 >

. . _ _ . . _ .

I

0.2 {
- AP600 (volumo IbO)

I -- I1OSA-tv (<olumo 162)i

,

[ j -liOSA IV (volumo 140)
; , =

~'~'''b''' '^~ " '~ ' " ' ' ~ '' '
0 ' ' ' ' ' ' ' ' ' '"

O 400 000 1200 1600 2000 2400 2003 3200

Timo (c)

e Figure A 7. l'acssure lui.mce line break (two cohl lers): void haction in the upper head sohunes (Vob
' inne l$0 to: Alun, Volumes 152 and 14S for 1(OS A) shows that the upper head drained later in 1(OSA.

a ' ' y ' ' " [' ~ ' "a-y. , , .- - . n . au ._s ...-. . . . a u --
J,000

--

- AI)600

'

1500 llOSA IV
! ~

I
_.

o.1000
6 ;

c-.

Iti
W S00 '
s
9 -: .j

/\/M 7<.'''' * d h N-:#N
"~ ~ ~

~ ~ i ~~~~~0
Ull P- '<-.u >r

2 4.. , ,i

e

500
'

i

| " '" W ''~I' " '"F"""'' * " ~''''~ " '"'
1000 ~ ' ' ' ~

O 400 000 1200 1600 2000 2400 2000 3200

Time (s)

Figure A 8. I'vessure balante line tucal (two cold legs): Mass flow .aie in the af f ected cold ler (fnun
Volume 380 to Volume 102--2 in AlWO,Itom Volume 149 to Volume 252 in ROS A) shows that although
both reserse at about the same time, only the ROS A flow tended to stay reversed.

NtilEG/ Cit-5853 A-8
_ _

- . . - _ - _ _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ _ . _ _ _ . _ - . _ _ - _ _ _ _ - - - _ . _ _ _ - _ _ _ _ _ - _ _ _ _ _ _ _ _ . - _ _ . _ . _ _ _ . _ . _ _ _ _ _ _ - _ . _ . _ _ _ _ _ _ _ _



-- _ __ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ .

Nett # cpv in U t NUC L f Alt M GUL ATOH V c0MMstitON I fi( Pv k i NUM(.t fi
H aawe p, he

i.u o o _. . . a.m.s .it ao.s.v.a , som, e . he, ,
s

. , , , . . a,
m'= BIBLIOGFIAPHIC D ATA SHEET

NUlti!G/ Cit-5853e,, ,,,, s m,,,,,,,,.,,,,

1GG -26702 ma ANu suora

lovestipatis.a af the Applicabdity atul1_ imitations of the itOSA larre-Scale 'lest
3 cAn urosit resmo

I:arihty foi AP600 Saf ety Aucument j%..,, . . .

December 1992
e i i un c,us t Nuen a

L2513
r e.u x u e nu o, neen

Man os G. Oiti/, James !!.1-i her, James M Connol, Timothy J. Iloucher, Tec hnical
Satuba M. Sloan, S. Mile Mo<ho > n '"v u t o n k k u ~ < .,,, o,~e

i H Fd O,W iN U G E L Me Q A h ON _ U M i e P.b AL L M n m m ,,m..o. Ns oa u*, e e, A,,mn U 3 4 4 = ar A. p ,,i e,,, on,=,i ese.n,. e,ie w,s.,i, er,is,,,, s , e e,.4,, ,,e ,,,,..r,,

.,,,,~u-,-,..o

hiaho National !!ngineering 1.ahot atory
I G&G Idaho, Inc.
I'.O. Itot 1625
hiaho I alls, blaho 8M 15

m s s,c ro u a os cua A wm o in e. so A oo a u.s m ,,*c , 3,, .. ., , , , . . , , - ,,n * * c o ... ., o,,,. . ., a ,. - v s %,,,, . .,,, c., -... ..
one w ,eq one,,,o

Division of Systems itescanh
Of fice of Nuclear Iteputatory llescarch
U.S. Nuclear itepulatory Comniisuon
Washington, D.C. 20555

t0 LUlttlME N T A5 Y NCi[Lt

I I. A b51 H N I (Jut > = ore, or som

A comparison of the thennal hydraulic behavior of the Advanced Passive ful MW(c)( Al>6fx1) and the itig of
Safety Assessinent (ItOSA) 1 arpe. Scale Test Facility (LSTF), under similar initial and boundary conditions, was
developed through computer simulations of selected accident scenarios for the Nucleai flepulatoiy Commissmn.
The purpose of the comparison was to develop cuteria to evaluate the capability of a scaled integral f acility to
perfoon an AP 600 salety awessment. It w as concluded that 1(OS A LSTli with a minimum of required
modifications is capable of reproducing most of the phenomena and behavior expected of Al'NX), distortions
become important for slow transients and cases in which the nonsymmetric behavior of AP600 is relevant.

,

J . u v wu n o v cec x e i u s s ,o. <. ,,*,. . .,,,, ..,, .u.. ,,,,m ,,,,. w ,,,, , ,.on , is aw a,iama n , p a ra ue= r

AP600 safety assessment Unlimited
itOSA ** u m o , w w ~

passive safcty ,r~,,,,,,

Illit.AP5 Unclassified
tramient simulation ,7,,,,,,,.--

thermal hydratilie beliavior !!ncL_ . Tied

1 *, NUYSL R of PAbt 5

'ti PHICL

N**C * O* M 2 n tJ avi

,

m____._____________ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ . . . . _ _ . . . . . . . . _ . . . . . . . . . . .



- - _.- - - - _ - .-._ .-- . -- - - - . -

4

;
,

,

,

Printed *
on recycled

paper

Feceral Recycling Program -

.

e-, w s > wne,--,,e, -,r-~r,.e-em-n --~.-~+,r- -,,or,r -v.- r-,---.,,,--n,--e s.m,e -~-- -- -m -gr- e >-w--- _e , - -, ,w,--> es ,,-w,e t



_me. 4A, % be A 4A& .am n.4 Ah e.$ a-4,MM4#_m.h hau-A.Mm. M 4.h si AN *M mm tAMh P *T-A4-44
"

-M4 4 4d4- mea 4 4 A h4 AumwA. Ja4 b .h 9 a. hs s tema- - - - m-.J.ukA-2*m.4% s id - &"

!

Ia4 !

W4 A h
% S
6 v

.

~

.

v, 4 s t -
PN s .

se r -

bt' f
'

o

1-

,

3

-

,

4
+

t

+

h

w

.

!

s

O. -.

- 44 O -

98 s.a -

Nm e
Ln ,

000 a "4Oc
mhb N
!Y ~6u

h"yray hk
. o <~,,..

2- "- tC3 o aO (c aU b *N- @ O' O

gE T-
- r z *

to g<
O 4: A

D"
Z

_ _

.. A

'd

'

. .. . . . , .
.


