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EXECUTIVE SUMMARY

Background and Objective

The Nuclear Regulatory Commission revised
the emergency core cooling system licensing rule
to allow the use of best estimate computer codes,
provided the uncertainty of the calculations are
quantified and used in the licensing and regula-
tion process. The Nuclear Regulatory Commis-
sion developed a generic methodology called
Code Scaling, Applicability, and Uncertainty
(CSAU) 10 evaluate best estimate code uncertain-
ties. The CSAL methodology was demonstraied
with a specific application to a Westinghouse
Pressurized Water Reactor experiencing a postu-
lated Large-Break Loss-of-Coolant Accident
(LBLOCA) using Transient Reactor Analysis
Code as the best estimate code. The objective of
this work was to adapt and demonstrate the
CSAU methodology for @ Small-Break LOCA
(SBLOCA) in a Pressurized Water Reactor of
Babcock & Wilcox Company (B&W) lowered
loop design using RELAPS/MOD?3 as the best
estimate code.

Overview of the Work

This effort closely foliowed the guidelines
established by the LBLOCA study, with a few
important differences.

¢ Atechnical program group assisted in defin-
ing the specific scenario and the primary
safety criteria used and in developing the
Phenomena Identification and Ranking
Table. For the rest of the study, the consul-
tants provided important reviews

¢ Although the experimental database for the
type of plant design studied is rather com-
plete (results from Multiloop Integral
System Test and University of Maryland of
College Park facilities were key in deter-
mining the Phenomena Identitication and
Ranking Table), the assessment data base
for the new RELAPS/MOD3 code was
small. Special effort was spent making the
most use of the available information, and

X1

an independent assessment of an integral
facility *as conducted (by Prof. Y. Hassan
of Texas A&M University) to make our
assessment data base more complete.

o This type of nuclear power plant is very sen-
sitive to operator actions. The op~ tor is
not modeled by th code; thus it was
decided that the opc actions would be
introduced in the scenarn. s they are dic-
tated in the emergency opusating proce-
dures. When performing the base case and
sensitivity calculations, considerable atten-
tion had to be focused on the operator and
the operator actions during the transient
since they are sometimes the result of sub-
jective decisions and several paths are avail-
able to them. This was not a concern for the
LBLOCA study, which had nc operaior

participation.

¢ Two primary safety criteria were defined at
the beginning of the study: peak cladding
temperature and liquid inventory in the
reactor vessel It was realized early on that
this reactor may not exhibit a temperature
excursion in the core and a second primary
safety criterion was necessary to evaluate
the sensitivity of the result to the different
contributing uncertainties,

Results and Conclusions

The CSAU methodology was successfully
demonstrated for the new set of vanants defined
in this project (scenario, plant design, code),
However, the robustness of the reactor design to
this SBLOCA scenario and the emergency oper-
ating procedure actions assumed for the operator
limit the applicability of the specific results to
other plants or scenarios. Several aspects of the
code were not exercised because the conditions of
the transient never reached enough severity.
Despite these himitations, the following conclu-
sions can be stated:

¢ For best estimate analysis of SBLOCA sce-
nario, the operator and the operator actions

NUREG/CR-5818
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have to be incorporeted into the model and
the simulation. The operator actions are not
uniquely defined in the emergency operat-
ing procedures and can decide the course of
the transient. For this reason, the operator is
incorporated into the simulation as a
sequence of changing boundary conditions,
part of the plant scenario.

The effort carried out in this program sug-
gests one way in which the operator actions
can be predicted and incorporated into the
analysis, with their own level of uncertainty,
Only one of at least three possible paths was
simulated because the other paths would
significantly change the scenario, from an
SBLOCA to an intermediate or even an
L. BLOCA. However, the adopted operator
actions are not necessarily the most likely
for the given scenario.

The B&W design is very robust for this spe-
cific SBLOCA. The likelihood of core

NUREG/CR-5818
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uncovery and cladding temperature excur-
sions are very remote in this scenario. The
second primary safety criterion, minimum
liquid level in the vessel, seems rather
insensitive to variations in the key important
parameters. It 1s recommended that subse-
quent studies of this nature should define a
more meaningful measure of accidemt
severity with which to gauge the uncertainty
introduced by the important models and
input parameters.

The independent assessment Multiloop
Integral System Test of a calculations, con-
ducted by Prof. Hassan, shows that
RELAPS/MOD3 captures the main trends
and events of the trensient with accuracy. It
1s important to mention that because the
benign nature of the scenario, it was beyond
our scope to exercise parts of the code that
are likely participate in more severe tran-
sients and in other plant designs.
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Uncertainty Analysis of Minimum Vessel Liquid

Inventory During a Small-Break LOCA in a B&W

Plant—An Application of the CSAU Methodology
Using the RELAP5/MOD3 Computer Code

1. INTRODUCTION

The Nuclear Regulatory Commission (NRC)
revised the emergency core cooling system
(ECCS) licensing rule to allow the use of best
estimate computer codes, provided the uncer-
tainty of the calculations are quantified and used
in the licensing and regulation process. The NRC
developed a generic methodology called Code
Scaling, Applicability, and Uncertainty (CSAU)
to evaluate best estimate code uncertainties. The
CSAU methodology was demonstrated with a
specific application to a Westinghouse Pressur-
ized Water Reactor (PWR) expeniencing a postu-
lated large-break loss-of-coolant accident
(LBLOCA) using Transient Reactor Analysis
Code (TRAC) as the best estimate code.'? The
objective of this work was 1o adapt and demon-
strate the CSAU methodology for a small-break
LOCA (SBLOCA) in a PWR of Babcock &
Wilcox Company (B&W) design, using
RELAPS/MOD?3 as the simulation tool,*#

This etfort followed the guidelines estabhishicd
during the LBLOCA siudy {see References | and
2). However, several important differences were
developed:

| 'he technical program group (TPG), in part
members of the working committee that
performed the earlier study (see Refer-
ence 2), was used in the beginning of the
process o define the scenario, the primary
safety criteria, and the Phenomena Identifi-
cation and Ranking Table (PIRT). Later, the
TPG became a technical review (and advi-
sory) group (TRG)

a. Babcock & Wilcox Company proprietary

information, [9XS

|-

1

]

Although the experimental data base for the
B&W plant design studied is rather com-
plete, the assessment data base for the new
RELAPS/MOD3 code is small: special
effort was spent making the most use of the
available information, and an independent
assessment of an integral facility was con-
ducted as part of this work® to make our data
base complete.

3. While performing the base case and sensi-
tivity calculations, considerable attention
had to be focused on the operator and the
operator actions during the transient, As
opposed to the LBLOCA case, the slow
SBLOCA scenario is very sensitive 1o oper-
ator actiors, which had to be taken into
account in the modeling. A generally appli-
cable result for SBLOCA should include a
probabilistic treatment of the operator. For
this effort, a best estimate approach to the
modeling of the operator was taken by
consulting with experienced operator
examiners.

The study showed that for the selected sce
nario, the combined uncertainties of all the
important phenomena do not affect the final out-
come very much. In fact, the effect of the operator
actions is much more significant than any of the
important phenomena.

The final answer is not a measure of peak clad
lemperature uncertainty that can be cited as an
expected value for all SBLOCASs. In other words,
b, Prof. Y. Hassan of Texas A&M University con-
ducted an independent assessment of RELAPS
MOD3 against a Multiloop Integral System Test
(MIST) experiment. Results of this effort are included
in Appendix A

NUREG/CR-5818



Introduction

the result s not as general as that of the LBLOCA
CSAU (see Reference 2).

The program scope was defined within reahistic
bounds, which should te listed as well. The most
important are as follows:

. The specific scenario was chosen based on
the available information and with the crite-
ria that it should be an SBLOCA and of
severe consequences. lerations to find the
“worst case” scenario or even fine tune the
scenano to make it more severe fell beyond
the scope of this demonstration,

rtJ

The frozen code, RELAPS/MOD3, was
reieased during the performance period of
this project. Being so new, the available
assessment data base was limited almost
exclusively to the developmental
assessment.

3. The question of code numerics, with respect
to the issue of code applicability, could not
be adequately addressed in this study. How-
ever, a separate study is currently being con-
ducted to examine the numerics of
RELAPS/MOD3.

4. The selected nuclear power plant (NPP)
design (lowered loop B&W) is very dif-
ferent from other industrial designs
{Combustion Engineering, Inc. (CE), and
Westinghouse|]. The steam generator 15 not
the U-tube type, but a once-through. In gen-
eral, a B&W plant has a much shorter
response time than other plants. Thus the
numerical results from this study cann . be
directly translated and used for other
designs or scenarios.

5. The nodalization step of the CSAU method-
ology, Step 8 in Figure 1-1, was not pursued
in the manper indicated by the flow chart
{see References | and 2); there was no itera-
tion of the nodalization. An existing
RELAPS/MOD2 input deck for a B&W
plant, with a well documented history, was
used for this work. Thus, iterations to the

NUREG/CR-5K18
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nodings were performed outside this CSAU
study. The only noding changes made were
1o upgrade the deck to MOD3 to specifically
use MOD3 features and to capture small
level changes in the vessel.

1.1 CSAU Methodology

Figure 1-1 is a flow chart description of the
CSAU methodology as it is considered for this
study. Ste s | through 6 constitute Element | of
the methodology, “Requirements and Code Capa-
bilities.” It includes the selection of the NPP, the
specific scenario, the primary safety criteria
(PSCs), and the definition of the PIRT. The meth-
odology also establishes the requirements that the
code must satisty in order to be applicable. The
documentation of the selected best estimate code
1s reviewed to determine whethor or not these
requirements are met (Steps 4, 5, and 6). The
second element of CSAU, “Assessment and
Ranging of Parameters,” encompasses Steps 7
through 11 (Figure 1-1). The available data basc
is examined to support the nodalization used in
the calculations, and the contributions to uncer-
tainty of cach important phenomena are investi-
gated and evaluated. Elemen: 3 of the CSAU
methodology, “Sensitivity and Uncertainty Anal-
ysis,” combines all contributing uncertainties and
biases 1o determine the total uncertainty.

1.2 Overview of This Report

Using the flow chart (Figure 1-1) as a roadmap.,
the main brdy of the report is arranged in the fol-
lowing manner Section 2 covers the NPP and
scenario descriptions; Section 3 describes the
PIRT: Section 4 deals with the applicability of the
code:; Section S describes and justfies the nodal-
ization; Section 6 describes the operator actions;
Section 7, “Ranging of Parameters,” describes the
procedures followed to determine the bias and
uncertainty contribution associated with the
important phenomena; Section 8 describes the
sensitivity calculations and their results; and Sec-
tion 9 describes the completion of the process
with the evaluation of total uncertainty. A sum-
mary of conclusions and recommendations is
given in Section 10,
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2. NUCLEAR POWER PLANT DESCRIPTION
AND SELECTED SCENARIO

2.1 Nuclear Power Plant
Description

The selected NPP is a typical B&W lowered
loop design as illustrated in Figure 2-1. This
design features two hot legs and four cold legs.
The elevation of the lowest part of the cold leg 15
about 6 ft lower than the bottom of the reactor
vessel, hence the name “lowered loop,” The reac-
tor coolant pumps are mounted such that the cent-
erline of the discharge 1s 3.5 ft higher than the
reactor vessel inlet piping. A section of the cold
leg sloped at 45 degrees to make up the elevation
difference, One high-pressure mjection (HPI) line
1s connected to each of the cold legs on the side of
this sloped section so that gravity will steer Jhe
HPI flow toward the reactor vessel.

A umique feature of the B&W vessel internals
i1s the reactor vessel vent valves (RVVVs). These
are circular flapper valves, hinged at the top, and
are in the closed position held by gravity. Eight of
these valves are situated around the perimeter of
the upper part of the downcomer and allow fow
trom the upper plenum to the downcomer. If the
pressure in the upper plenum increases 0.1 psi
greater than the pressure in the downcomer, the
valves start to swing open, allowing mass flow
from the upper plenum into the downcomer, The
RVVVs are fully open at 0.25 psid. Thus, the
RVVVs limit the possibility of pressure building
in the upper plenum and depressing core level,

The two steam generators of B&W designs are
once-through, counter current flow heat exchang-
ers. The primasy coolant flows vertically down-
wards, between two plenums, through ahout
15,500 32-fi-long tubes. Since the primary cool-
ant enters the steam generators at the top, the hot
leg must rise up past the top of the steam genera-
tor and bend down to connect to the upper ple-
num. The characteristic inverted U-bend shape
gives the hot leg a candy cane appearance. The
uppermost part of this hot leg U-bend i: a poten-
tial source of vapor locking in the primary flow

LS ]
'

path. If the hot leg should drain such that the level
falls below the U-bend, primary coolant flow will
be interrupted. The U-bend has a small vent valve
that can be opened by the operator to vent any
bubbles that may have collected at the top.

In the secondary side of the steam generators,
subcooled feedwater, preheated before it enters
the steam generator, comes in through <everal
nozzles located around the perimeter of the gener-
ator about midway between the bottom and top;
the feedwater flows through an annular down-
comer to the lower plenum and upward through
the center of the steam generator, on the outside
of the tubes. As the feedwater enters the down-
comer, it mixes with saturated steam, which is
pulled from the center of the steam generator
through an aspirator. Suffic.ent steam mixes with
the feedwater to produce saturated water at the
bottom of the downcomer, Once in its upward
path, the water boils and the generated steam
superheats. As the wat - flows through the tube
bundle, it is converted to steam, such that at the
level of the aspirator all the liquid has been con-
verted to szturated steam, The length of tubes
remaining between the aspirator and the upper
tube sheet then serve to superheat the steam.
Steam superheated to about 33 K (60°F) leaves
the generator through the steam annulus and into
the steam line. Figure 2-2 shows a schematic
description of this flow path.

2.2 Scenario Description

The following scenario was selected by the
Idaho Natic.ial Engineering Laboratory (INEL),
with the TPG's concurrence. The initiating event
is postulated as the break of one of the HPI lines
oft of its connection to the cold leg (indicated in
Figure 2-1). It is assumed that in addition to this
initiating event, which disables on¢ of the HPI
trains, or:2 of the three HPI pumps is tagged out
tor service, and one of the remaiaing numps fails
to start, This amounts to an SBLOCA with
reduced HPI capac?

NUREG/CR-5818



Nuclear Power Plant Description and Selected Scenario

Hot leg U-bend ’

ﬁ | (= ] Pressurizer '
| !

‘ HPI connection
- Reactor
’\ (break location)
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\
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Once-through
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.- . —— P - T

i L

Figure 2-1. Typical B&W lowered loop plant design
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Nuclear Power Plant Descripticn == 1 Selected Scenario

can be applied only to specific sequence of opera-
tor actions given in the scenario description,

The operator actions modsled in the simulation
were determined from typical EOPs for this plant
design® However, the EOPs allow the operator
much freedom for subjective judgment. One can-
not determine exact timing of actions or the exact
setpoints at which an operator decision is made.
The EOPs should be thought of as guidelines
rather than specific instructions or rules. An
SBIL OCA scenario with different operator actions
than those mode'ed in this study constitutes a new
scenario and requires a separate development of
the uncertainty analysis (different PIRT, different
sensitivity calculaiions).

2.3 Results from Scoping Run

Once the scenario had been chosen for the NPP
and the PIRT was defined, a scoping calculation
was conducted to add confidence and give a more
specific feel for the scenario. The ccoping calcula-

¢. Babcock & Wilkkox Company proprietary
infc mation, 1988

tion was conducted to verity that RELAPS/MOD3
had no gross inadequacies dhat would preclude s
application to thy: SBLOCA scenanio. It was also
used 1o compare the transien: phases and govern-
ing phenomena with whai the PIRT had deter-
mined 1o be important, Furthermore, the scoping
calculation results were used to determine the
nature and timing of the operator actions modeled
inn the sensitivity calculations.

The input for the scoping calculation was gener-
ated from an input deck for a B&W plant that has
been exclusively used ar the INEL for previous
analyses. The input deck was upgraded so that it
would be compatible with RELAPS/MOD3 input
requirements. Steady state was then established
with the modified input deck and the SBLOCA
imtiated with the A HPI train disconnected
(Figure 2-3). The only operator action required in
this scoping simulation was to (rip the reactor
coolant pumps (RCPs) 60 seconds after loss of
subcooling margin.

Figure 2-4 illustrates the phases seen in the pres-
sure trace of this transient. Phase descriptions
follow.

1.600 107 | + + # 1 % ]
\ 400 1074 Blowdown phase {
Natural circulation phase ]
1.200 1074 4
E Loss of natural circulation phase 1
= 1.000 10" -H 4
g o Boiler-condenser phase ]
£ 8000 10°4 r / '
6.000 10° 4
< B
4.000 10" +
[ ]
2,600 10° F 4 } : % “
0 1000 2000 3000 4000 5000 6000

Time [sec]

Figure 2-4. Pressure history during the scoping calculation, illustrating the occurrence and refative loca-
tion of the transient phases.
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Nuclear Power Plant Description and Selected Scenario

During the loss of natural circulation, the oper-
ator may decide 1o run the RCPs for a few seconds
(bump the pumps according 10 EOPs) in an effon
10 ree..ablish natural circulation. If the operator
does not bump the RCPs, the transient will
eventually develop into the next phase, the boiler-
condenser mode.

2.3.4 Phase 4: Boiler-Condenser Mode
Phase. In this phase, the steam generated in the
core condenses in the primary side of the steam
generator tubes, and a secondary heat sink is rees-
tablished. The pressure will drop as energy is
removed by the botler-condenser mode. This
phase ends when the ECCS begins to refill the
primary and the plant enters a recovery phase,
which is expected some time after 6,000 seconds.

NUREG/CR-5818

RVVY

HPI

Figure 2-6. Schematic description of the inter-
nal vessel circulation path in the last two phases
of the transient.
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3. PHENOMENA IDENTIFICATION AND RA'KING TABLE

3.1 Summary of the PIRT
Process

Step 3 of the CSAU methodology? (Fig-
ure 1-1) consists of identifying the feasible phe-
nomena that have an important effect on the PSCs
and raniing these phenomena according to the
importance of their effect. The procedure used
two independent panels of experts. Each panel
divided the trmn sient into phases, and for each
puase the NPP components were evaluated
according to their influence during the specific
phase being considered. Using the Analytical
Hierarchy Process (Appendix B), the components
were ranked by the experts. Components were
ranked relative to their effect upon the PSCs as
Judged by the experts. Then, for each component
and for each phase, the phenomena pertinent to
each component were ranked according to their
relative effect on the PSCs. In the end, a system-
wide rank of each phenomena is obtained by
combining the pair-wise rank of the phenomena
within the component and the relative rank of the
component. The final rank s normalized and fit
into & integer scale of | through 9. A rank of 9
implies that the phenomena is of highest impor-
tance, and a rank of | means the phenomena is of
lowest importance in the context of the transient
and the PSCs selected,

3.2 PIRT Results

The PSCs chosen in this case were
e  The peak clad temperature (PCT)
e  The liquid inventory in the core.

Reference 3 discusses in detail the results from
each group of experts and the rationale followed
to resolve the differences and reach a consensus.
The final PIRT, shown in Table 3-1, contains the
subset from all phenomena considered that either
panel had independently ranked 5 and above
(medium and high importance) in their respective
PIRTs. The rankings given in this table are the

results of both pane's together reranking the pre-
vious subset. Thus, a ranking of 1 in this particu-
lar table should be interpreted as being of medium
importance. This reranking process allowed for a
finer differentiation amongst the important phe-
nomena, which otherwise would have all been
ranked equally.? Table 3-2 describes the compo-
nents of the NPP that appear in Table 3-1.

It was decided that phenomena ranked 6 and
above in the final PIRT would be considered in
the NPP sensitivity calculations. These phenom-
ena and their associated components are;

1. The break flow (break)

2. Natural circulation (vessel and steam
generator)

3. Decay heat (core)
4. RCP performance (RCP)
5. ECCS flow (HP:;

6. Steam generator heat transfer (steam
generator)

7. Phase separation in the U-bend (U-bend)
8. RVVYV performance (vessel).

The above phenomena are believed to have the
most effect on the PSCs. It does not imply that
phenomena not listed have no effect. Numerous
discussions and Analytical Hierarchy Process cal-
culations led to this result and are documented in
Reference 3.

d.  Appendix Il of Reference 3 contains the prelimi-
nary independent PIRTs, which show that because of
the complexity of the selected transient and the large
number of phenomena considered, many phenomena
appear to have equally high importance. A ppendix [
of Reference 3 lists and defines al! the phenomena
considered in the context of this work.
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Phenomena Identification and Ranking Table

Table 3-1. Final rankings of phenomena of medium to high importance.

Blowdown: Phase | Rank* Natural circulation: Phase 2 Rank®
Break Break flow 9 Vessel Natural circulation 9
Decay heat 8
RVVV performance 6
‘ Vessel 2-9 level 2
| Vessel Decay heat 6 Break Break flow 7
; Forced convection 2
Upper head mixing l
Flashing 2
Wall stored heat 1
RCP RCP performance 4 U-bend Phase sep. in U-bend 7
U-bend vonding 5
Cold log void fraction 4
HP1 ECCS flow 4 HPI ECCS flow 6
Pressunzer Pressurizer level 2 Upper down- Condensation 5
Wall stored heat 1 Cod et
Steam generator  Natural circulation 9
Primary heat transfer I
Steam generator heat 1
Transfer sec. conditions 1
[ oss of natural circulation: Phase 3 Rank Boiler-condenser: Phase 4 Rank
RCP RCP performance 9 HPI ECCS 9
HPI BECCS 7 Break Break flow 9
Break Break flow 6 Steam generator  Steam generator heai X
transfer
Vessel Decay heat 6 Core Decay heat 6
Int. vessel cire. 4 Vessel 2-0 level 3
Vessel 2-9 level 3 Int. vessel cire. |
Core heat transfer 1

Coid leg ECCS mix and spill
Steam generator  Pnimary heat transfer
U-bend U-bend draining

to

a. | indicates medium importance, 9 indicates very high importance

NUREG/CR-5818
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3.3 Conclusions
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Phenomena ldentification and Ranking Table

the core decay heat are the most important
phenomena.

As indicated by the inclusion of RCP perfor-
mance during the loss of natural circulation phase
(momentarily starting the RCPs is an operator
action), the operator actions can easily and signif-
icantly change the character of the transient in
this type of NPP design.

Documentation of the development of separate
PIRTs by the two independent panels is shown in

NUREG/CR-5818
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detail in Reference 3, It is important to note that
despite the subtle differences in their basic
assumptions, a consensus was easily reached, and
there were no items of permanemt disagreement
between any of the two panels,

The Analytica! Hierarchy Process (Appen-
dix B) approach proved to be a useful tool not
only to determine the final rankings in the PIRT
but also to evaluate whether minor disagreements
of phenomena rankings had a significant eflect on
the final ranking.
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Code Applicability

instructed to limit the HPI flow 1o a maximum
value of $00 gpm, thus limiting the uncertainty in
the magnitude of the flow.

4.1 Global Applicability

In terms of global require ments, the following
statements can be made based on our review of
the code documentation:

4.1.1 Field Equations. RELAPS/MOD? is a
one-dimensional, two-fluid, six-equation simula-
Lon code. Six eguations conserve mass, momen-
tum. and energy for each of two phases. None of
the phenomena deemed important calls for a two-
or three-dimensional representation in the simu-
lation. which makes the one-dimensional
approach sufficient. The two-phase phenomena
and two-phase interactions, listed as important
phenamena in the PIRT (Table 4-1), are modeled
1 RELAPS/MOL3, which tulfills this aspect of
the requircments,

4.1.2 Closure Relations. The code documen-
tation describes Closure models, uses, data ranges,
accuracy, and ability to scale up. Develapmental
assessment is available in the documentation to
address each of the important phenomena in
Table 4-1

4.1.3 Numerics. Although limited to develop-
mentil assessment, statements about stability and
accuracy of the code are found in the code manu-
als. An effort is now in progress to evaluate and
improve the numerics of this code. Since that
study was not complete by the time of this writ-
g, our study could not benefit from that effort.

4.1.4 Components and Control. The NP'P
geometry. flow paths, heat generation, heat trans-
fer, and heat storage can be described by elements
avatlable in the code. Suitable control systems
and trip logic are also available to model plant
controls and operation. Integrated Control Sys-
tem (10S) actions as well as operator actions were
madeled usaing these tools,

Thus, 1+ rms of the global requirements as set

out by U o_enario and plant geometry, the code
is adegu i ¢ 1o perform the simulation. The scop-
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4.2

ing calculations conducted early on (Section 2.3
of this report) indicated no gross inadequacies of
the code and seemed to display all the expected
phenomena and behavior.

4.2 Specific Scenario

In terms of specific model requirements, one
needs to look more closely at each pertinent
model, its range of applicability, and its accuracy.
To do this within our constraints of time and
resources, we had to limit the review 1o the most
important phenomena in the transient (according
to Table 4-1). To ass,st this study, an assessment
data base was established with the available
information of separate effect and n.legral effects
tests. Table 4-2 summarizes this available data
base. The phenomena are indicated in Table 4-2
by their number acco ding to Table 4-1. Decay
heat, RCP performance, ECCS flow, and RVVV
performance are not represented in this table, for
they are user inputs and not phenomena.

Steps 9, 10, and 11 of the CSAU methodology
(Figure 1-1), where the bias and uncertainty
contributed by each model or parameter is deter-
mined, require the same level of documentation
review as the applicability study, Therefore, these
steps were performed simultaneously. Section 7
describes the results in detarl. At this point, the
models investigated were appropriate 10 represent
the important phenomena within the ranges
expected.

The lack of assessment using experiments in
integral facilities (such as MIST) forced us 1o per-
form our own assessment ~f 4t least one integral
experiment. The results of this assessment (con-
ducted by Prof. Yassin Hassan of Texas A&M
University) indicate that the code is able 10 ade-
quately capture the tconds and the aominant
events of this transient. Appendix A describes the
results from this independent assessment.

4.3 Code Scaling

Despite the abundant experimental data base
that exists for this type of plant design and tran-
sient (e.g., MIST, University of Maryland at
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5. NODALIZATION

5.1 Pediagree of the input Deck

5.2 Primary System




5.3 Secondary System
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Figure 5-6. EFW train model.

supplies one steam generator while the turbine-
driven pump supplies botk 1< generators, Fig-
ure 5-6 shows how the EFW nain 1s modeled.
EFW piping for each steam generator is repre-
sented by a single volume. This volume 1s sup-

feedwater

plied by two time-dependent junctions, one of

which represents the motor-driven EFW pump,
the other representing one-half of the capacity of
the turbinc-driven EFW pump. Pump perfor-

5.7

mance is represented by flow tables, which
depend upon EFW piping pressure. Between the
EFW piping and the steam generator a valve can
be throttled to regulate overall EFW flow into the
generator.

Heat structures are used to represcnt the high-
and low-pressure heaters and piping metal
masses. The feedwater heaters are modeled using

NUREG/CR-5818
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5.5 Initial Conditions

5.4 Integrated Contro! System

Figure 5




Bl e

plant operation. The calculated steady-state
conditions are shown in Table 8.1 compared with
desired conditions. The desired ccaditions come
from Relerence 4. As indicated, the agreement is
gocd. However, the code unrealistically calcu-
lated a small amount of liquid being entrained in
the steam line. The liquid then evaporated in the
steam line, thereby reducing the superheat,
Because the calculated equilibrium steam super-

e e i —— ——

Nodalization

heat was too low, the calculated feedwater flow
rate was about 4% larger than the actual flow
These steady-state conditions were used as the
starting point for almost all the sensitivity runs. In
two cases, the sensitivity parameter being stuched
affected the steady-state solution: interphase drag
and steam generator heat transfer area. New
steady-state solutions were calculated for these
sensitivity runs,

Table 5-1. Comparison of desired and calculated initial conditions.

Desired Calculated
Parameter value value
Primary:
Core power (MW) 2.568 2,568
Average of hot and cold leg temperatures (°F) 578 581
Hot leg pressure (psia) 2.161 2,170
Pressurizer level (in.) 220 229
Hot leg mass Mow rate (Ibm/s) 19,404 19.216
Secondary:
Steam generator secondary pressure (psia) 925§ 917.4
Liquid mass per steam generator secondary (Ibm) 38,940 38,265
Feedwater temperature (°F) 460 460.5
Steam exit superheat (“F) 60 288
Feedwater flow per steam generator (Ibm/s) 1,497 1,561
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59

NUREG/CR-5818



OPERATOR ACTION!

6.1 Technical Basi:
Operator Action
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Figure 6-3. Pressure temperature relation for nominal case.

¢ Reactivity
¢ Reactor coolant inventory
¢ Reactor coolant pressure

o Steam generator pressure

Steam generator inventory,

Each of these parameters can be controlled by
the operator to some degree. The remainder of
this section will briefly discuss how the operator
controls these parameters for an SBLOCA.

Reactivity control is achieved by the shutdown
rods. which is an automatic action. If this action
fails, boron injection is available. However, this
scenario postulates the shutdown rods insert as
designed when the reactor trips; thus, no operator
action is required.

NUREG/CR-581%
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It is essential to have enough reactor coolant in
the primary system 1o maintain & flow path from
the core to the steam generators. I sufficient reac-
tor coolant is lost from the primary system, the
liguid flow path to the steam generators will be
interrupted as the hot leg level falls below the
U-bend. Reactor coolant will not be able to com-
municate energy to the steam generators, and the
potential exists for a core heatup. The operator
has two means of controlling reactor coolant
inventory: RCPs and ECCS. The operator must
trip the RCPs. If the RCPs continue to run long
after the break opens, there is a potential for
uncovering the core if they are turned off later
because the two-phase froth may collapse. Also,
depending on location of the break, a running
RTCP may force inventory out the break. The oper-
ator can influence the rate that lost coolant is
replaced by the ECCS. For this particular sce-
nano. LPI does not actuate. Makeup/HP1 pumps
will automatically actuate, but soon thereafier the
operator limits the flow, as directed by the EOPs,
o prevent pump runout.
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6.1.3 OQOverview of Emergency Proce

agures
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manually throttle them 1o prevent pump runout,
and balance the flow in ~ach HPI train 1o en ure
that each reactor coolant loop receives the maxi-
mum HPI flow. To reduce the potential for core
uncovery, the operator will trip the RCPs immed -
ately (within one minute) after subcooling margin
is lost.

Fourth, elecirical power output must be con-
trofled. For this SBLOCA, electrical power is
controlled automatically. Reactor trip automaii-
cally initiates o wrbine/generator trip, which is
postulated 10 operate as designed. Therefore, no
operator intervention is reguired.

Identifying the symptom of upset in heat trans-
fer is the fifth block. As mentioned in Sec-
tion 6.1.2, loss of subcooling margin is easily
identified as the pressure/lemperature trace falls
1o the saturation line. Also mentioned in Sec-
tion 6.1.2, the EOPs give op priority 1o treating
the loss of subcooling margin. However, subcool-
ing margin is lost early in the transient, so the
operator has little time to respond to it. Automatic
actions (letdown isolation, HPI actuatior, and
pressurizer heater actuation) occur quickly to try
to regain the subcooling margin. There is no
much more the operator can do but verify proper
emergency safeguard actuations. However, later
in the transient, symptoms of inadequate heat
transfer will appedr as voids sccumulate in the
U-bends of the hot legs, causing primary loop
flow 1o be lost. The operator will respand to this
as EOPs direct,

The last decision block is 10 determine whether
A steam generator tube rupture exists. Since we
are not postulaiing a tube rupture, we seed not
constder operator actions associated with it,
Finally. the postulated scenario ends shortly after
the core flood tanks begin to flow significantly
mnto the downcomer of the reactor vessel. This
inevitably depressurizes the primary system to
the point where LPI can make up lost inventory
and leads 10 a transter to the residual heat removal
system. Thus, when primary pressure reaches the
pressure of the core flood tanks, we assume stable
plant conditions are shortly ahead and end the
calculation,

R R R TR R

Operator Actions

6.1.4 Emergency Operating Procedures
for Loss of Subcooling Margin. This section
will describe the operaior actions chosen for this
scenario. Explanations will be given for the
actions and justification given for the choice of
actions,

The operator will enter the EOPs immediately
upon reactor tnp (at 1 1.5 seconds on pressure/
tempetature relation) and begin verification pro-
cedures 1o ensure that all satety systems are
actuated. The operator will then perform a senes
of manual actions and venfication procedures to
limit the primary inventory loss and 1o ensure that
all appropriste safety systems have actuated. At
about 47 seconds. the subcooling margin is lost,
and the operator identifies this on the pressure/
temperature display on the cathode-ray tube,

Once into the procedures for the loss of ade-
quate subcooling margin, the operator will follow
the pattern outlined in Figure 6-5. First, the oper-
ator will trip the RCPs. The reasons for this are
twolold, First, loss of subcooling margin is a
symptom of overcooling, which in turm may be a
symptom of a break. If a break exists, the RCPs
may be pumping water out the break. Therefore,
it is best 1o shut them off, However, past analyses
have shown that if the RCPs are not wrned off
within two minutes after the loss of subcooling
margin, it is necessary to leave one RCP in eech
loop running 1o linit the chance of level depres-
sion in the core as the two-phase mixture in the
loops settle. Documented simuiator runs show
that the operators are very likely to trip the RCPs
within one minute after the loss of subcooling
margin. Therefore, we assume in this mode! the
operator trips the RCPs one minute afier adequate
subcooling margin is lost. Thus, it is not neces-
sary to leave any RCPs running. Second, if sub-
cooling margin is lost, the RCPs may cavitate as
pressure is reduced around the tips of the rotor
blades, causing voiting to occur. Therefore, one
must trip the RCPs to prevent damage.

Next, the operator will take actions to control
primary inventory, Tripping the RCPs is one
aspect of this and has already been discussed.
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6.2 Implementing Operatol
Actions in the Model
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Figure 6-9. EFW flow control.

the pump flow was limited. The EOPs instruct
the operator to regulate turbine bypass flow to
satisfy three limits:

. Maintain the cooldown rate of the RCS at
less than 56 K/hr (100°F ),

¢ Maintain tube-to-shell temperature differ-
ence at less than 56 K (100°F),

¢ Maintain the primary to secondary satura-
ton temperature difference between
22-33 K (40-60°F). To achieve these limits,
a normalized valve area was caloulated for
cach of the limits. The minimum area calcu-
lated was then selected for the TBY area.

Figure 6-10 shows in more detail how the TBV

arca was calculated. Sec’ on 8 discusses the
response of the system due 1o these actions,

6-15 NUREG/CR-5818



Figure 6-10




7. RANGING OF PARAMETERS

7.1 important Phenoamena and
Key Code Parameters




Ranging of Parameters

T.b“ 7" .

List of important phenomena during an SBLOCA, their rank, the code parameter that

RELAPS/MOD?3 uses to represent them, and the 3 pe of model,

Phenomena

Key (code) parameters

Type

Break flow

Subcooled discharge coefficient

First principles

2-¢: Discharge coefficient

Natural circulation 1-f: RCP torsional friction coefficient Empirical
2-¢: Interphase drag coefficient
Decay heat Input table or function User input
RCP performance RCP torsional friction coefficient Mcchanistic~user
input

ECCS flow Input temperature User input

Steam generator heat Coefficients from heat transfer Empirical
transfer correlations (area)

Phase separation in the 2-¢: Interphase drag coefficient Empirical

U-bend

RVVY performance

Inertia of the valve

Mechanistic-user
input

Table 4-2 lists the available assessments that
may be used to evaluate the accuracy of the code
in representing these phenomena. However, in
many cases the usefulness of the assessment is
limited to the comparison of trends and the pre-
diction of important events during the experi-
ment. One concludes from these assessments that
RELAPS/MOD3 adequately describes the phe-
nomena, but a quantitative measure of accuracy
cannot be readily obtained from them, The fol-
lowing sections state the uncertainty for each phe-
nomenon and describes the processes followed,

7.2 Evaluation of Unce:tainty

This classification is important hecause it
determines the way in which the uncertainty can
be evaluated. It would be ideal if assessment
against separate experiments existed for all
important phenomena, thus yielding a measure-

ment of accuracy of the code for each phenome-

non. However, this is not the case for any of the

NUREG/CR-5818

phenomena except break flow. Therefore, a dif-
ferent strategy must be developed.

7.2.1 Break Flow. RELAPS/MOL ) has two
critical flow models that are used in simulating
the break flow: single-phase flow and two-phase
flow. These models are described in detail in the
code documentation. '’ Both models are derived
analytically from first principles. These models
are assessed against two separate effect tests, of
Marviken 22, and Marviken 24. The experimental
data and results from the assessment calculations
were obtained from the RELAP3/MOD3 code
developers to be used in support of this CSAU
effort. Therefore, we did not need to re-perform
the calculations. However, this is not a repetition
of the assessment shown in the code documenta-
tion (see Reference 10), for we processed the data
to arrive at a bias and uncertainty of the critical
flow models in RELAPS/MOD3. The diagrams in
Figure 7-1 are schematic descriptions of the break
configuiation and the Marviken test vessel.



MARVIKEN Test
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obtained from test Marviken 22. Marviken 24
results (not included in this report) are quite
similar,

The bias and standard deviation were
determined for both tests. The expected crror for
the actual NPP break was estimated by interpo-
lating between the length and diameter that char-
acterized the geometries of the nozzles. These
parameters are tabulated as follows,

7.2.2 Interphase Drag. It was determined that
the interphase drag model is most responsible for
the uncertainty in the representation of two-phase
natural circulation (Phenomenon 2) and phase
separation in the U-bend (Phenomenon 7).
RELAPS/MOD?3 uses an empirical correlation
(see Reference 9) 1o evaluate an interphase drag
coefficient 1. Since there are no interphase drag
tests or natural circulation separate effect tests
against which to assess the code accuracy, one
must evaluate the accuracy of the model against
the body of data used to generate it.

Equation (6.1-1) of the models and correlations
document (Volume 1V) of Reference 10 is the
momentum equation that contains the interphase
drag term. The term appears as
@FD] (V! = Covth)

From Equation {6.1-2) of Reference 10 and the
above expression, the interphase drag force term

per unit volume and the term ¥/ can b= related as
follows:

a(l —aw, @ Fl = [ fICyv, = Covl
For bubbly and slug flow regimes in vertical
flow. the dnft flux was adapted. The coefficient

fir 1s, from Equation (6.1-8) of Reference 10:

a(l = a)lp;, — @,ig * sin ¢
vy,

Cp and V; are calculated using the Chexal-
Lellouche correlation® as indicated by Equa-
tions (6.1-25) and (6.1-26) on pages 6.1-10
through 6.1-12 of Reference 10. Manipulation of

7-9

Ranging of Parameters
these equations yields the following expression
for the term FI:

- (1 = arle, = o8 * sin 9IC,v, — Cyvl
v, v .00,

Fi

The Chexa!-Lellouche correlation is based on
13 sets of data. The statistical behavior of the
error for each of the 13 sets of data 1s tabulated in
Reference 9. The table assumes that the d'stribu-
tion of each data set is normal; us the disiribu-
tion of the uncertainty of this model is also
noimal, To obtain tne uncertainty of the entire
(not having the specific values of the points) data
set the following procedure was performed:

i3
S(numher of paints), (mean error)

Average error = _
' Total nmumber of poins

which is a weighted average of the mean errors
published in the table. This average error is

-0.000298 and indicates the bias. This small bias
is then considered negligible in this study.

The standard deviation § of the combination of
all points was obtained as follows: for each data
set | with n; points

Squaring this expression and adding all of the
data sets, we obtain

*avvat 13
Zu‘ - 0 = E"“ = 1),

|

which yields the standard deviation for the entire
data set:

The resultis S =0.0413.
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Ranging of Parameters

To include this uncenainty (and 97.7% of all
points; 2§ = 25) in the sensitivity calculations, the
following logic modifies F1.

Case |

IF FLOW REGIME IS BUBBLY OR SL1IG
FLOW

b=a - 0.0826.

If a < 0.0826 then b = (),
Frap B
(1 - a)
Case 2:

IF FLOW REGIME IS BUBBLY OR SLUG
FLOW

b=a+00826.
IWa>09174 then b = 1.

FiwF S
(1 - a)

We have assumed no bias and 25 to include
97.7% of the data.

Figure 7-12 shows the variation of the correc-
tion factor for F/ as a function of .

7.2.3 Decay Heat. The decay power is modeled
as a table that is part of the user's input. The decay
power depends on the burmup history of the fuel
prior to this event. It has been suggested, by Tran
and Schrock,'? that if we know the core bumup
history in some detail, we can estimate the decay
power uncertainty more accurately than by using
the American Nuclear Society standard.'? For
this analysis, the mformation needed to evaluate
the uncertainty in the fashion suggested by Tran
and Schrock was not available, Therefore, a
bounding uncertainty range of 20% (+/-10%
about the nominal) was assumed based on the
American Nuclear Society standard; this is large
enough to include the spatial contribution to
uncertainty. To implement this, the bounding
decay power curves originate al the same power
level as the nominal and their values for a given
time are 10% higher or lower than the corre-
sponding nominal value. To prevent an initial
power overshoot, the power was limited to the
lesser of 100% full power and 110% (American
Nuclear Society standard curve).

1 i } ) 1 i |
1.8 - ) 1 + i
P | ——Fi + o/
1.6 F| —o -Fi s
9 g
pa - R :
_2 1.2 = : -
z 4
Ec 1 e & =% - | 9
~ o
. 0.8 ;
: -1;' b - St 4
p T —e
06 ": . \G\\ -
- *G\
0.4 e i i i ) | 1
g i L ] ¥ i ||
0.2 0.3 0.4 0.5 0.6 0.7 0.8

“oid Fraction

Figure 7-12. Bounds of the variation of the interphase drag coefficient FI as a function of void fraction,

for bubbly/slug flow

NUKEG/CR-5818

7-10



7.2.4 RCP Performance. |

2.6 Steal.. Generator Heat Transfer

2.7 RVVV Performance




8. SENSITIVITY CALCULATIONS

8.1 Base Calcuiition
(Nomina! Case)

Table B-1 presents the sequence of events for
the base calculation

8.1.1 Automatic Actions. Several automatic
actions occur as the primary depressurizes due to
the break. As hot leg pressure drops below
2159 psia, the pressurizer heaters will actuate in
order to try to reestablish svstem pressure. As
mass exits the break, pressurizer level will drop
and the heaters will turn off as pressurizer level
falls below the heater cutoff setpoint of 26.13%.
While hot leg pressure remains above 1515 psia,
makeup flow will increase above letdown flow in
an effort to restore pressurizer level, As pressure
continues to fall, the pressure/temperature rela-
tionship falls outside the range for operation. and
the reactor trips with subsequent turbine/

Table 8-1. Sequence of events for nominal case.

generator trip. Upon reactor trip, the stream gen-
erator level setpoint is automatically set to 25 in,
on the startup range. As a result, the main feed-
water pumps must run back 1o allow steam gener-
ator level to drop from its normal operating level
of 50% on the operating range to 25 in, on the
startup range,

As a result of the turbine/generator trip, the tur-
bine stop valves will close as the turbine bypass
valves open in response to the increase in second-
ary pressure. However, due to a lag in instrument
response, the turbine bypass valves do not begin
to open until about 2 seconds after the secondary
pressure reaches 1,050 psia. Subsequently, with
the secondary momentarily bottled up, secondary
pressure rises to 1,050 psia before the setpoint for
the TBVs is reached. Approximately 2 seconds
later, the TBVs begin to open, but, by this time,
pressure has risen to 1,065 psia and Safety Bank |

Time Automatic  Operator

Event description (s) action action

Break initiated in HPI line 0.0

Reactor scrams on pressure/temperature relation 1.8 X
Main feedwater pumps begin to run back 12.2 X
Turbine stop valves close 12.8 X
TBVs open on high steam generator pressure 13.7 X
Safety relief valves begin opening on high steam generator pres- 14.2 X
sure

Pressurizer heaters turn off on low pressurizer liquid level 26.0 X
HPI begins on low primary pressure 279 X
Main feedwater pumps trip on high discharge pressure 39.6 X
Safety relief valves close as steam generutor pressure falls 410 X
Adequate subcooling margin lost 46.9
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Table 8-1




8.2 Sensitivity Calculations,
Results, And Discussion




Tzble 8-2




(CLLV). The numbers in the horizontal axis
correspond to the calculatien number in
Table 8-2. The base calculation is Run 0; the
ninimum calculated CLLV (96.64% of nominal)
occurred in Run §; and the maximum CLLV
(107.01% of nominal) corresponds 1o Run 28
The effects of individual parameter changes on
the CLLV were well behaved (monotonic vana-
tions) for most parameters. Only the RVVYV and
the interphase drag coefficient suggested the exis-
tence of extremes of CLLV within the uncertainty
ranges of those parameters. However, these vana-
tions were relatively small (<1 to 9 ¢cms)
compared to oscillations of the CLLV within the
same rin

Figures 8-2 and 8-3 are graphical illustrations
of the results tabuiated in Table 8B-2. Figure 8-2
shows side by side how the different code param-
eters were varied (only maximum and minimum
values shown), one at a time; Figure 8-3 shows
the corresponding collapsed liquid level in the
vessel resulting from each of these variations. It is
easy to see that despite large vanations of the
important parameters, the minimum collapsed
hquid level in the vessel only varied slightly

Sensitivity Calcus

The results of the sensitivity calculations ind;
cate that this system is very robust with respect 1o
uncertainties of the imponant phenomena and the
selected PSC. Changes of the PSC are very small,
even for large vanations in some parameters. This
also leads to the conclusion that a different choice
of PSC might have been more appropriate to eval
uate the “severity of the accident™ and its sensitiv-
ity to the uncertainties involved. During our
analysis, we explored other options. One of the
alternative PSCs suggested was a parameter
defined as

[ MaH P

in which P is the reactor power; Py, initial power;
H, core height; and ¢,, time to recovery (1o be
defined). In this fashion, the lack of liquid water
in the core, integrated over time and scaled
according to the core power, would be a measure
of severity. Time constraints did not allow us to
pursue this route 1o a successful conclusion; it is
mentioned here as a recommendation based on
the experienced gamned during this exercise.

1.1

1
0.9
0.8
0.7
0.6
0.5
04
0.3

-
-

CLLV (%)

0.1
04

21

Figure 8-1.

Sensitivity calculation results
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Sensitivity Calculations
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Figure 8-2. The variations imposed on the important code parameters to run the sensitivity calculations.
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10. CONCLUSIONS AND RECOMMENDATIONS
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Appendix A
RELAP5/MOD3 Assessment Using MIST

Prof. Yassin Hassan
Texas A&

INTRODUCT'ON

The Multiloop Integral System Test (MIST)
facility is a scale model of a Babcock & Wilcox
Company (B&W) nuclear power plant. This facil-
iy is designed to experimentally investigatc the
transient occurring after reactor trip and primary
pump coastdown. The facility is located at
Alliance, Ohio. Data generated from the MIST
facility i used to resolve current plant licensing
issues and analyze computer code behavior

The objective of this report is to assess the
capability of the RELAPS/MOD3 thermal
hydraulic code by comparing the code related
results with those obtained experimentally for
Test 3109AA. This test, called the nominal case,
was a scaled, 10-cm?, cold leg pump discharge
break located on the bottom of the pipe several
inches downstream the high pressure injection
(HPI) nozzle. A complete test description is given
in the MIST Group 31 report.® A brief test
description is given in the next section. By
comparing the experimental data with the results
obtained from the code, one can determine the
effectiveness of the models and correlations used
in the code. One can also gain an understanding
of the physical phenomena invelved in the
experiment

The reasons the experimental data differed at
times from the code-generated results can be
attributed primarily to the impossibility of repre-
senting a three-dimensional plant in a one dimen-
sional model. Numerical inconsistencies also
cause departure from the experimental data. The
third reason of departure is inaccurate or incom-
plete knowledge of the test facility itself, which

a. Babcock &  Wilcox Company proprictary
informaiion, 1986,

A-3

then have to made up by approximations or
guesses. However, the overall RELAPS/MOD?3
predictions of Test 3109AA are in an excellent
agreement with the data.

Test Description

The Test 3199A A 15 the as-run nominal test for
the MIST program. It is a smzil-break loss-of-
coolant accident (SBLOCA) and also exaibited
major post-SBLOCA phenomena. This phenom-
ena include interrupted loop flow, depressuriza-
tion to saturation, boiler-condenser mode (BCM)
cooling, refill among others.

The break modeled was a 10-cm? (0.01076-1t7)
break in the B1 cold leg pump discharge. HPI and
auxiliary feedwater flow were available. Reactor
coolant pumps were not available. The reactor
vessel vent valves (RVVVs) were automatically
controlled on differential pressure throughout the
transient. Guard heaters and steam generator (SG)
secondary liguid levels were automatically con-
trolled and the SG secondary side levels were
maintained constant level after refill.

The primary system was initialized in a single-
phase natural circulation. The transient was 1niti-
ated from this natural circulation steady-state
with hot and cold leg average thermocoupie read-
ings of 5844 K (592.3°F) and 561 .4 K (550.9°F),
respectively. Primary pressure was 11.9 MPa.
During the steady state, the guard heaters were
under automatic operation and the RVVVs were
manually closed. The core power was 3.9% of the
scaled full power. The pressurizer level was
1.57 m (5.2 f1) above the bottom of the pressur-
izer, and the A and B steam generators secondary
pressures and levels were 6.99' MPa (1,014 psia)
and 6,998 MPa (1.015 psia) and 1.42 m (4.65 ft)
anc 1.44 m (4.74 f1), respectively. Steady-state
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Test Phenomena (Observed)
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Table A-2







void fraction weighing between the two vol-
o 3
ume for countercurrent flow, =

ry

The Biasi-Zuber correlation® utilizad in the
MOD?2 version was replaced by the 1986
AECL-UO Critical Heat Flux Lookup Table
developed by Groeneveld.* This table has
tube data but has factors which can be used
to modify the values to account for rod
bundles, gnd spacers, axial power distribu-
tior, bundle inlet boundary layer effects.

3. A general CCFL model was implemenied
that allows the user to select the Wallis
form.® the Kutateladze form, or a form
between these forms. The user must specify
the form of the flooding correlation, the gas
intercept used in the CCFL correlation and
the slope used in the CCFL correlation.®

4. The critical flow model was improved by
smoothing the transition from the subcooled
choking model and correcting a coding error
in the computation of throat mixing internal
energy.’

S. A new input component, ECCMIX, was
created, which is modeled as a branching of
the coolant loop piping near the emergency
vore cooling system injection point. The
maodel is based on determining the flow
regime in the existing in the area of injection
and then invoking the interphase heat trans-
fer correlations appropriate to that flow
regime.

The above is only a list of some of the modifi-
cations contained in the RELAPS/MOD3 V7)
and 1s not an ail mclusive list,

RELAPS5/MOD3 Nodalization. The nodaliza-
tion is shown in the Figure A-1. RELAPS uses
two types of models: generic component models
and special process models. Generic component
models include pipes, pumps, valves, heat struc-
tures, electric heaters, turbines, separators, accu-
mulators and control system components. Special
process models include those of form loss, flow at

A-7
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an abrupt area change, branching, choked flow,
horon tracking. and noncondensible gas

For the present simulation, a MOD2 version
input deck wnitten for MIST Test 3202 was modi-
fied to the MOD3 version with the changes neces-
sary for the test conditions.

The heated region of the core was modeled by
Pipe Component 350. The reactor vessel down-
comer was modeled by Component 300, The
once-through steam gencrators were modeled
using a series of pipe and branch components,
The AFW spray was simulated using a time-
dependent volume and junctions. The rest of the
facility was modeled using various components,
Control components were added 1o perform the
necessary control functions such as opening
valves, adjusting the liquid levels, and maintain-
ing the core power levels.

The input deck for the steady-state initializa-
tion and the transient is included in the appendix.

COMPARISON OF THE
EXPERIMENTAL RESULTS
WITH THE CODE
CALCULATIONS

The RELAPS/mod3 V71 thermal hydraulic
code was used for posttest analysis of the MIST
Test 3109AA. The steady-state and the transient
calculations are discussed below. The discrepan-
cies between the experimental data and the code
calculated results are also described below.,

Steady-State Initialization

Before proceeding with the transient calcula-
tions it was necessary to calculate the steady-state
results. The calculated steady-state results are
compared with the experimental data and
summarized in Table A-1. The primary pressure
as calculated was 1,708 psia compared to
1,739 psia (experimental). The SG secondary
pressures, the collapsed levels, the hot leg sub-
cooling, and the pressurizer collapsed level were
all accurately predicted. Good agreement
between the experimental and the calculated
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Transient Calculation Results

Phase 1
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watends to abouwt 1,560 seconds in the test and
1,200 seconds in the calculation,

Afier saturation in the intact loop hot leg, the
intact loop hot leg liguid level decreased rapidly
(Figure A-3). This happened because of flashing
caused by decreased pressure. As a result, the hot
leg flow interruption occurred at 228 seconds into
the transient. This was predicted by the code to
occur at 252 seconds. This loss of natural circula-
tion from the intact loop caused a decrease in heat
transfer from the primary, and the SG secondary
pressure decreased. This decrease. caused by the
AFW flow (Figure A-4) into the intact loop con.
tnued until the SG level (Figure A-S) reached a
level of 9.63 m (3.6 f1) ut 582 seconds into the
transient in the experiment and §76 seconds in the
calculation, The AFW flow decreased as shown
in Figures A-4 and A6 for SGs A and B, respec-
tively. With contiruing natural circulation, flow
in the broken loop SG caused a gradual secondary
depressurization. The steam flow in the intact
loop secondary SG terminated after the loop SG
econdary fell below the ATOG setpoint, Steam
flow was terminated in the broken loop SG sec-
ondary by the pressure controller but restarted
shortly after at 2,100 seconds in the calculation
and 2,700 seconds in the test (Figure A-7),

The intact loop SG secondary was refilled to
9.63 m (116 ft) in the experiment, and the AFW
controller was switched to the constunt level
mode. The AFW refilled the intact loop SG il
SX2 seconds in the experiment and 576 seconds in
the calculations (Figure A-4). Thereafter the
AFW was briefly terminated till about
K00 seconds, when the flow resumed again.
When the AFW was restarted in the intact loop
SO, there was vapor present in the primary side of
the tubes at the AFW elevation of 0.8 m
(154K f1}, resulting in condensation heat transfer,
This BCM heat transfer occurred at 480 seconds
into the test and 474 seconds in the calculations.
This condensation stopped when the primary
level in the intact loop SG reached the AFW
elevation. In the absence of the steam flow, the
AFW was not required to maintain the SG sec
ondary lavel in the intact loop 9.63 m (31.6 f1),
and the AFW flow was completely terminated at

T N I I T Y I NS L T e R

e

R I —————

Appendix A

1.500 seconds both in the test and in the
calculation.

In the broken loop, similar .. p behavior was
observed though at different timirgs owing to a
conler hot leg Nuid temperature in the broken leg
as compared to the intact leg. Tne broken loop hot
leg was mamtained hiquid tl 1,200 seconds as the
liguid level in the intact loop hot leg receded due
10 local flashing. The broken loop hot leg level
(Figure A-3) rapidly  decreased  after
1,200 seconds and the natural circulation in the
broken 1hop correspondingly decreased. This
caused a decrease in the heat transfer in the bro.
ken loop, resulting in an increase in the primary
pressure at 1,200 seconds. This was accompanied
by a corresponding decrease in secondary pres-
sure in the broken loop. The core outlet flows was
diverted through the RVVVs, The repressuriza-
tion caused a retardation in the flashing in both
the loops, However, increased flashing occurred
in the uphead because of increased diverted core
outlet flow. As a result, the intact loop levels
increased after 1,200 seconds,

Theresfter, the loop hot leg liquid levels
increased, accompanied by a corresponding
decrease in the core collapsed liquid level, as
shown in Figure A-K. The primary system contin.
ued to drain and the natural circulation in the bro-
ken loop began 10 decrease. The hot leg flow in
the broken loop was interrupted ac 930 seconds in
thy caler tation and 1,020 seconds in the test. The
natural circul=tion was completely interrupted at
1,560 second « o the test. This marked the end
0. "hase 2, At the end of Phass 2. the primary sys-
tem continued depressurizing, the broken loop
SG secondary pressure was controlled to the
decreasiug ATOG setpoint, while the AFW was
controlling the SG evel i the broken loop. The
intact loop SG was inactive in this phase because
the pressure was well below the ATOG-based
setpoint.

Phase 3. Loop stagnation was observed, result:
ing in stagnation »f natural circulation flow
loops. This stagnation lasted til refilling began at
the times mentioned below. During this period,
the primary was cooled by the HPI and by the
broken loop SG AFW. The primary system
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Table C-4. All uniforri, parameter distributions preliminary Monte Car.o assessment using 2,000
histories.

Maodel Standard
number Mean deviation
1 0.9890 0.027
p 4 (.9924 0.029
3 00,9889 0.027
4 0.9946 0.0
5 0.9861 0.037
6 0.9944 0.038

B&W SBLOCA MINIMUM VESSEL LEVEL

1.00

WORST DISTRIBUTION

o o o
E o 2]
o o o

CUMULATIVE DISTRIBUTION FUNCTION
o
o

0.00 MAAMABAR AL RARS ALY AR AL R R AR A n A A AA AR R R

775 0. 085 090 085 100 105 110 1.15 1.20
FRACTION CF THE NOMINAL LEVEL

Figure C-6. B&W SRLOCA minimum vessel, cumulative distribution function of 100-bin example:
worst distribution.
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B&W SBLOCA MINIMUM VESSEL LEVEL

16.00
BEST DISTRIBUTION

12.00

oo s 4 2 9 2 2 2 2
-

8.00

b

4.00

PROBABILITY DISTRIBUTION FUNCTION

0.00 - .
080 085 0 90 0.95 1.00 1.05 1.10 s
FRACTION OF THE NOMINAL LEVLL

Figure C-9. B&W SBLOCA minimum vessel, probability distribution function of 100-bin example:
hest distribution.

Table C-5. 100,000 history Monte Carlo study of Models 3 and 6.

Maodel Mean Standard Probability
number value deviation (level <088 of nominal)
3 ().9895 0.0273 0.0
6 ().9955 (0384 45104
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