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ABSTRACT

The generic model for evaluating the performance of emergency core cooling sys-
tems following a small-break loss-of-coolant accident for all B&W nuclear
steam systems is developed and compared with the required and acceptable fea-
tures contained in Appendix K of the Code of Federal Regulations, Part 50 (10
CFR 50). This report describes the small-break evaluation model as it has

been modified with regard to Item II.K.3.30 of NUREG-0737, and demonstrates
that it conforms to Appendix K.
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1. INTRODUCTION

This report describes the features of B&W's small-break loss-of-coolant (LOCA)
emergency core cooling system (ECCS) evaluation model and is applicable to all
B&W nuclear steam systems. B&W's nuclear steam plants are divided into the
following three categories:

1. 177-fuel assembly plants with lowered-l1o0p arrangement.
2. 177-fuel assembly plants with raised-loop arrangement.
3. 20%-fuel as¢ .nbly plants.

There are no significant system design differences between the nuclear steam
systems (NSSs) and the ECCSs within each category since these des'gn features
are the basis for the grouping. The current B&W plants in each category are

listed in Table 1-1.

The information presented in this document defines the B&W evaluation modei.
It is shown herein that this model conforms to Appendix K of Title 10, Code of
Feder:1 Regulations, Part 50 (10 CFR 50). Most of the information in this re-
port has been submitted previously in topical reports BAW-10092, Revision 3,
and BAW-10104, Rev. 3.

Specific design information for zach plant category is considered input to the
evaluation model and will be generated using the assumptions and technqiues de-
scribed herein. A ceparate application report for each B&W generic plant type
will be issued, if required, to show conformance to 10 CFR 50.46 (Accentance
Criteria for Emergency Core Cooling Systems for Light Water Nuclear Power Reac-
tors) issued by the NRC in January 1974.

This report is divided into eight sections:

1. Introduction.
2. Background.
3. An overview of i0 CFR 50.46.

1-1 Babcock & Wilcox



4, Definition of model.
5. Small-break evaluation model.

6. Maximum hydrogen generation, coolable geometry, and long-term

cooling.
7. Required documentation.
8. References.

Table 1-1. Category Classifications

B&W NRC
Contract No. Customer and site Docket No.
Category 1 - 177-Fuel Ascembly Plants
With Lower2d-Loop Arrangement

620-0003 Duke Power Company 50-269
NSS-" Oconee 1
620-0004 Duke Power Company 50-270
NSS-4 Oconee 1
620-0005 Metropolitan Edison Company 50-289
NSS-5 Three Mile Island 1
620-0006 Jersey Central Power & Light 50-320
NSS-6 Three Mile Island 2
620-0007 Florida Power Corporation 50-302
NSS-7 Crystal River 3
£20-0008 Arkansas Power & Light 50-312
NSS-8 Arkansas Nuclear One
620-0009 Duke Power Company 50-287
NES-9 Oconee 3
610-0011 Sacramentc M:nicipal Utility District 50-312
NSS-11 Rancho Seco
620-0012 Consumers Power Company 50-330
NSS-12 Midland 1
620-0013 Consumers Power Company 50-329
NSS-13 Midland 2

1-2
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Table 1-1. (Cont'd)

B&W NRC
Contract No. Customer and site Docket No.
Category 2 - 177-Fuel Assembly Plants
With Raised-Loop Arrangement
620-0014 Toledo Edison Company 50-346
NSS-14 Davis-Besse 1 (Mark B, 15x15)

Category 3 - 205-Fuel Assembly Plants
620-0015 Tennessee Valley Authority 50-438
NSS-15 Bellefonte Unit 1
620-0016 Tennessee Valley Authority 50-439
NSS-16 Be'lefonte Unit 2
£§20-0023 Washington Public Power Supply System 50-460
NSS-23 Nuelear Project No. 1
620-0032 Washington Public Power Supply System 50-513
NSS-32 Nuclear Project No. 2

1-3
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3. OVERVIEW OF 10 CFR 50.46

The "Acceptance Criteria for Emergency Core Coocling Systems for Light Water
Nuclear Power Reactors" (10 CFR 50.%6), issued by the NRC in January 1974, in-
clude five criteria that must be met before an emergency core conling system
(ECCS) is deemed acceptable. Conformance to these criteria is established in
the following manner:

1.

2.

3.

The peak cladding temperature shall not exceed 2200F. The peak cladding
temperature, calculated with the evaluation model described herein, will
not exceed 2200F.

The ~arcentage of local cladding oxidation shail not exceed 17%. From the
analysis performed to satisfy condition 1, the total oxide thickness (com-
bining both inside and outside oxide layers) at the location of maximum
local oxidation will be less than 0.17 times the total cladding average
thickness. For the ruptured location, the total cladding average thick-
ness is taken as the thickness of the hollow cylinder, which has the same
mass as the original unoxidized ciadding and the same circumference as the
fuel pin at the location of maximum strain.

The maximum hydrogen generated during the transient shall not exceed that
which would be generated by oxidation of 1% ot the reactor cladding. Us-
ing a conservative approach, the cladding temperature response (and there-
by the degree of oxidation) is determined as a function of local power.
This function is then integrated over the core power distributicn to ob-
tain the total oxidation. Divisior of the integrated value by the initial
amwunt of zirconium gives the fraction of oxidized cladding; this will be
limited to 1%.

3-1 Babcock & Wilcox



&

Calculated changes in the core geometry shall be su~h that the core re-
mains amenable to cooling. The changes in geometry that were calculated
during the analysis for condition 1 are examined to ensure that no gross
core blockage or disfiguration will occur.

The mode of long-term core cocling shall be established. The analysis is
continued until the clad”inc temperatures at all locations in the core are
decreasing and the fluid level in the core is rising. At this time the
path to long-term cooling is established. Ccoling for the long term is by
pool boiling maintained by the ECCS.

will be shown in specific analyses that all B&W plant categories conform to

these five acceptance criteria. The methods used to show conformance to items
3 through 5 ave descrited in sections 5 through 8.

Lppendix ¥ sets forth certain required and acceptable features of the evalua-
tion model that must be used to show compliance to the five acceptance cri-
teriz of 10 CFR 50,46, The compliance of B&W's small-break evaluatior models
with Appendix K is demonstrated in section 5.
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4. DEFINITION OF MODEL

The ‘nfoimation presented in this document defines B&W's small break ECCS eval-
uation model. In particular,, this document describes the techniques and as-
sumptions used in evaluating the consequences of a small-break 1css-of-coolant
accident (LOCA). These techniques and assumptions constitute the model. The
required features of the ECCS evaluation modei are set forth in Appendix K to
10 CFR 50. The evaluation model for small breaks is given in section 5 aling
with its conformance to 2cperndix K. The model will be changed only if the NRC
issues rule changes or if improved analytical techniques become available.

Specific category-related information (such as system design, power level,
etc.) is considered input to the model. These numbers are developed using the
techniques and assumptions described in the model, and they will be addressed
in specific category-related analyses. Within each category, new information
will become available during the decign 1ife of a plant. This i.formation
will be implemented into specific analyses on a planned schedule with the NRC.

This report covers only the model. All other information needed to perfoim
the necessary analyses is considered input and may change throughout the de-
sign life of a nuclear steam system.
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5. SMALL BREAK EVALUATION MODEL

5.1. Mo.2l Applicability

At present, B&W's nuclear steam plants can be divided into three major cate-

gories:

177-fuel assembly plants with loweied-loop arrangement.
. 177-fuel assembly plants with raised-i1oop arrangement.
3. 205-fuel assembly piants.

There are no significant design differences between the NSSs and ECCSs in each
category. Table 1-1 lists the current B&W plants in each category. The
plants in these categories are described as follows:

Category 1 - The plants in this category are generally referred to as the

Oconee type. They are characterized by their loop arrangement, in which the
once-through steam generator:s are at a low elevation relative to the reactor
vessel. These plants “ave eight internals vent valves and utilize the Mark B

(15 x 15) fuel assembly.

Category 2 - The design is essentially identical to Category 1 except that the
steam generators are raised in relation to the reactor vessel. The pump Suc-
tion leg is shor'er for these plants due to the raised configuration of the
steam generators. Also, there are only four vent valves in these plants.

This reduction in the number of vent valves is factored into the model as a
reduced vent flow area. The HPT system comprises low-head HPI pumps.

Category 3 - Thes~ plants nave the raised-loop arrangement of the Category 2
plants but are larger (more fuel assemblies) and have eight internals vent
valves. The Categcry 3 plants employ the Mark C fuel assumbly instead of the
Mark B.
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1

break ovaluation model described in this section is applicable to
categories. Any item that is applicable only to certain plant cate-
to differences in design, Su as loop venting during reflood, or
within a cateqory due to different fue! assemblies, suck as refiooding heat

transfer coefficients, is specifically identified.
Ccde

~ 2
idered to be small when its cross-sectional area is 0.5 ftc or

ence with studies of small breaks has shown that the large
bypass and reflood do not *,;J'_le to breaks of t~is size. 8
¥ the behavior of small breaks will be valuable in under-
knique, A | break accident involves a rather
depressurization. Fiow conditions within the reactor
inge gradually and smoothly. Temperature and pressure gradi-
all. The lack of agitation allows c2rtial
and water and, in some situaticns, countercurrent
Rather than the distinct blowdown and refluod phases associated with
breaks, small breaks have a smooth transition from a period of relative-
th core flow to one of relatively quiescent conditions. During the early
heat transfer in the core is flow-controlled and is adequate to keep
Later, during the quiescent period, a two-phase froth
in the reactor inner vessel. The portion of the core that re-
by this mixture is cooled by pool nucleate boiling, which is
temperature near that of the saturated
f the entire core is not covered by the mixture, the portion above
vel is cooled by forced convection to steam. As the system de-

injection flow increases, and gradually the core is recovered

The CRAFT2! code is used to predict the hydrodynamic behavior of

AT

coolant system. If CRAFT2 predicts that the core will be covered
throughout the transient, no thermal analysis is required and
th 10 CFR 50.46 is ensured. Otherwise, FOAM¢ is used to

4 5

determine the mirture height within the core, and the thermal response of the

ottest fue! pin is evaluated by THETA”. Figure 5-1 illustrates the inter-

lationship of the computer codes.
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5.3. Evaluation Model Features

This section addresses the features of B&W's small-break evaluation model.
Its compliance with 10 CFR 50, Appendix K, is described in section 5.4. The
response to the NRC concerns of NUREG-0737, Section I1.K.3.30, are discussed
in section 5.5.

The evaluation model described here zets forth guidelines for the use of and
the interfaces anong the codes used. The organization is on a subje:t basis

and applies to all codes as appropriate. When specific details are employed
in only one code, the situstion is clearly idontified.

5.3.1. Heat Sources

The analysis utilizes the heat sources listed below. These sources are time-
dependent, and their characterization within the codes is dependent on the
phase of the accident being modeled.

5.3.1.1. Initial Power

For the purpose of obtaining initial stored energy and decay hect, the reactor
is assumed to be operating at 102% of the highest licensed power level for
that plant category at the time of the accident.

5.3.1.2. Core Peaking Factors

If core uncovering is predicted, tne core power shape chosen will be that
which yields the highest peak cladding temperature.

5.3.1.3. Initial Stored Energy

The initial temperature distributiorn within the fuel will be that which yields
the highest calculated temperature. Initial fuel temperature will be deter-
mined vy the approved steady-state thermal code at the time of the analysis.
Burnup and other related parameters will be chosen to produce the highest clad-
ding temperature.
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5.3.1.4. Fission Heat

The fission power of the reactor is calculated using the kinetics model in the
CRAFT computer code (described in section 2.4.1 of BAW-10092, Rev. 3). Cred-
it is taken for reactor trip and control rod insertion. The response of the
reactor coolant (RC) system following a small break is characterized by a siow
reduction in pressure and system flow. In the upper core and upper plenum re-
gion, this results in lower forces (AP and flow) opposing cont,ol rod inser-
tion than those present during normal operation. Thus, reacto" trip initiated
on low RC system pressure and subsequent control rod insertion is assumed when
it is calculated to occur. Provisions are made to analyze this event conserva-
tively; that i<, a minimum tripped rod worth and appropriate delay and inser-
tion times are assumed.

5.3.1.5. Decay of Actinides

Heat from the radioactive decay of actinides is calculated from the B&W heavy
isotope standard decay curve for infinite irradiation multiplied by a factor
of 1.2. This represents values greater than those predicted by the ANS curve.

5.3.1.6. Fission Product Decay Heat

The ANS standard fission product decay heat curve for infinite irradiation pub-
lished in October 1971 is used with a factor of 1.2 to determine fission prod-
uct decay heat during the analysis.

5.3.1.7. Heat Distribution

A power distribution factar of 0.973 is used during the blowdown phase of the
analysis to evaluate the power for the hot channel analysis (THETA3). This
factor is based on the consideration that 2.7% of the fission energy is depos-
ited directly in the coolant rather than in the fuel or cladding; thus, its
heat is not transmitted through the cladding in the removal process. During
the reflood phase of the accident a distribution factor of 0.96 will be used
for the hot channel. This factor is based on gamma energy absorption being
less in a hot pin because its neighbors are unable to provide the sources of
cammas for peripheral absorption as does the hot bundle. Details on the de-
velopment of these factors are presented in topical report BAW-10033.
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In either phase the peak power in the core is evaluated using the following

equation:
prp = 1-02 x kW x pf x F x P(t)
total active pin length
where PLP = (peak linear power), linear heat rate, kW/ft,
kW = rated power,
pg = total peaking factor,

F = appropriate power distribution factor,
P(t) = normalized transient power.

-

5.3.1.8. Metal-Water Reaction Rate

The rate of energy release due to metal-water reactions is calculated by the
Baker-Just equation without steam limiting. Detaiis of the model appear in
sections 2.4.2 and 11-6 of the CRAFT and THETA manuals.

5.3.1.9. Heat Transfer From Reactor Internals

Heat transfer from the reactor vessel walls, piping, and non-fuel internals
hardware is determined by the primary heat model in CRAFT (this model is de-
scribed in section 2.8 of reference 1).

5.3.1.10. Primnary-to-Secondary Heat Transfer

Primary-to-seconda” .eat transfer in the steam generator is modeled to allow
the secondary side to act as a heat source as well as a heat sink during an
analysis. The steam generator model s significantly improved and modified
over the previous evaluation model.4 Details of the mechanistic steam genera-
tor model are provided in Appendix I (section 1.3) of the CRAFT2 topical re-
port.

5.3.2. Reactor System Hydrodynamics

5.3.2.1. Noding Scheme for CRAFT

The noding description of the RC system used in the CRAFT computer model for
small-break analysis requires less detail in the core and much more detail in
the steam generator than for large-break analysis. The noding model was devel-
oped by performing various noding sensitivity studies. The following noding

3 Babcock & Wilcox



studies were performed to achieve the optimum noding scheme that can account
for all the known SBLOCA phenomera.

1. Noding sensitivity studies were performed to develop a converged steam gen-
erator model. This was done by selecting a break that relies on steam gen-
erator heat removal for plant depressurization. The spatial detail for
modeling the steam generator was increased to the code capacity and the re-
sults compared. This was dor2 to ensure that the increase in spatial de-
tail for the steam generator model does not alter the transient response
significantly.

2. To ensure that the effects of lecal flashing are adequately accounted for,
noding sensitivity studies of the reactor vessel upper head and upper
plenum were performed. Based on these studies, a converged model was de-
veloped for the upper head and upper plenum.

3. Finally, noding sensitivity studies were performed for the hot leg to en-
sure that the spatial detail in the hot leg is sufficieit to model any
interruption in the natural circulation flow due to the formation of a
steam pocket in the top of the inverted U-bend in the hot legs.

Based on the noding sensitivity studies described above, a converged system
mode]l with respect to spatial noding detail was developed. The noding studies
performed for 177-FA lowered-loop plants are described in detail in Appendix
E. Appendix F describes the noding studies performed fo- the 177-FA raised-
Toop plants. The noding studies for 205-FA plants are de vribed in Appendix
I.

A typical small-break noding model divide:s the RC system into the follewing
nodes:

Number of nodes

177-FA 205-FA
Component plant plant
Dowricomer 2 2
Lower plenum 1
Hot leg (each) 1 1
Steam generator
Primary 6 axial, 6 axial,
2 radial 1 radial
Secondary 6 axial, 6 axial,
1 radial 1 radial
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The use of two radial regions for the once-through steam generator (0TSG) ac-
counts for direct AFW cooling. The integral economizer OTSG {IEOTSG) for the
205-FA plants is modeled with six 'xial levels on the primary and secondary
sides with one radial region because the auxiliary feedwuter for 205-FA plants
is near the bottom of the 0TSG, and there is no need for an additional radial
region. In the intact loop, the two intact cold legs are lumped together as
two nodes - one each at the pump suction and pump discharge; in the broken
loop each cold leg is mcdeled with two nodes - one each at the pump suction
and discharge. The pressurizer is represented by a non-equilibrium model with
two regions, and the containment is moceled by a single node.

5.3.2.2. Flow Model for CRAFT

Flow between the nodes is determined by the momentum equation. Included are
terms that account for (1) temporal change of momentum, (2) momentum convec-
tion, (3) momentum change due to compressibility, (4) momentum flow due to
area change, (5) pressure drop due to wall frictinn, (6) pressure drop due to
area change, and (7) gravitational acceleration. Frictional pressure drop is
determined by a fit to the Fanning curves. Two-phase friction multipliers are
obtained from the Thom correlation above 250 psia and the Martinelli-Nelson
correlation below 100 psia. To achieve a smooth transition from Martinelli-
Nelson to Thom, a pressure-dependent interpolation is perfonr=d between 100
psi and 250 psi. Section 2.2 of the CRAFT manuall outlines the flow cilcula-
tion procedures.

5.3.2.3. Discharge Model

The discharge of subcooled liquid through the break is determined fror the ori-
fice equation. Once the break node becomes saturated, however, the discharge
of two-phase flow is based on the Moody correlation. To avoid a step change

‘n the flow between the correlations, iinear weighting is used to extrapolate
between the orifice equation at 0.0 quality and the Moody correlation at 0.1%
quality. A spectrum of break areas is studied as part of the whole analysis.
This ensures that all breaks with areas of 0.5 ftZ and less are adequately in-
vestigated. Section 2.2.10 of the CRAFT manuall explains the evaluation of

leak rate.
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5.3.2.4. Core Flow Model

The relatively high core flow rates early in the transient are calculated by
CRAFT2. Later, however, if CRAFT2 cal.ulates core uncovering uring the quies-
cent stage of the accident, the steam flow rate above the froth is determined
by the FOAM code. T2 steaming rate, determined from the average channel con-
ditions, is applied to the thermal analysis of the hot pin. Because a signifi-
cantly higher swell level and steaming rate would be associated with the hot
channel, tne use or average conditions implicitly allows for the effects of
blockage and flow diversion tc neighboring bundles.

5.3.2.5. Phase-Separaticn Model and
Countercurrent Flow

A phase-separation model based on the Wilson bubble rise correlation is incor-
norated into CRAFT2 for small leak analysis. To ersure that the core mixture
heights predicted in CRAFT2 closely match those produced.in FOAM during the

quiescent portion of the transient, the phase-scparation model is adjusted in
the core to reflect the proper bubble distribution. Appendix F of BAW-101044
shows the derivation of the factor used to adjust the phase-separation model.

Once the phase separation has developed in adjacent nodes, conflicting pres-
sure heads of the steam and liquid could cause countercurrent flow between the
nodes. To allow for this phenomenon, a physical flow channel is divided into
upper and lower flow paths, each independent of the other in terms of such
flow conditions as direction, velocity, and quality. Hand calculations demon-
strate that relative velocities are low enough to avoid significant entrain-
ment of liquid and to ensure that countercurrent flow is justified. Section
2.9 of the CRAFT2 manua! explains the phase separation model.

To model the small-break LOCA trarsient with pumps on, CRAFT2 is equipped with
a drift flux model for <mall break analysis. Appendix I (section 1.3) of the
CRAFT2 topical report explains the drift flux model.

5.3.2.6. Pump Model

The reactor coolant (RC) pumps are renresented by the two-phase dynamic pump
model. Two-phase pump head and torque degradation are also accounted for in
the pump model. The pump rnodels are described in Appendix I (section 1.4) of
the CRAFT2 topical report.
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5.3.2.7. Pressurizer Modei

The pressurizer for the small-break analysis is modeled using a non-equilib-
rium pressurizer model. The non-equilibrium pressurizer model is described in

Appendix I (section 1.2) of the CRAFT2 topical report.

5.3.2.8. Mixture Height Calculation

Shr .d CRAFT2 predict partial uncovering, the FOAM code is used to determine
the mixture height in the core during the quiescent portion of the transient.
Steam production due to core average power, primary metal heat, and flashing
within the vessel combined with the inner vessel liquid volume is used to cal-
culate the rate of steam loss out of the mixture and the corresponding degree
of swelling due to trapped steam. The code is discussed in B&W topical report
BAW-10064. The amount of swelling in the hot channel is considerably greater
than for the average channel. No credit is taken for this in the hot pin ther-
mal analysis. Also, by using average core conditions, the steaming rate above
“he froth level calculated by FOAM already implicitly includes the effects of
blockage and crossflow.

5.3.2.5. Single Failure Condition

The single failure assumed for small breaks is that which produces the minimum
ECCS injection. The single failure assumed is thc loss of a diesel in conjunc-
tion with a loss of offsite power. This approach is the most conservative
since the containment backpressure has little effect on small breaks. Exami-
nation of previous small leak analyses revels that the flow through the break
is important Juring the time the ccre is refilling. Therefore, any single
failure chosen to minimize the containment backpressure would have no effect

or the transient and would possibly increase ECC injection. Since pump injec-
tion is very impcrtant for small oreaks, 1imiting such injection produces the

worst case.

5.3.3. Heat Transfer and Thermal Analysis

5.3.3.1. Flow Controlled Portion
of Transient

Heat transfer is flow controlled while core flow remains greater than 1% of
the initial steady-state value. The following heat transfer correlations are
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used when appropriate: Dittus-Boelter forced convection to liquid; Thom nucle-
ate boiling; McDonough, Milich, and King transition boiling; Dougall-Rohsenow
flow film boiling; and Dittus-Boelter foi'ced convection to steam. The criti-
cal heat flux is determined by either the Macbeth correlation or a combina-
tion of the B&W-2, Barnett, and modified Barnett correlations. Once CHF is
reached, the calculation will not return to nucleate boiling heat tronsfer at
that location for the remainder of this phase of the accident.

5.3.3.2. Quiescent Portion of Trans‘ent

The system is considered to be in a quiescent condition once the core flow has
decreased to less than 1% of its initial value. Heat transfer within the por-
tion ot the core covered by a,steam-liquid mixture is through pool boiling,
either nucleate or film. The Morgan pool film boiling correlation is used
when appropriate. Above the froth level, heat transfer is determined from a
Dictus-Boelter calculation of forced convection to steam. CRAFT2 will not re-
turn to pool nucleate boiling during the recovering of the core unless t.e
cladding temperature is within 300F of the saturated fluid temperature. Until
this time, heat tranc<fer will be by pool film boiling. The 300F limit is
based on the work of McDouncugh, Milich, and King. Since our analysis has
shown that a pool film boilirg coefficient of 50 Btu/h-ft2-°F is sufficient tc
cool the core, this criterion is not a significant factor in small break anal-
ysis and is merely a convenient way of completing the transient. The FLECHT
test data show that the core can be quenched rapidly from a Lemperature ex-
reading this ~riterion.

Should the core never become uncovered during the accident, no thermal analy-
sis is necesary. Analyses have shown tnat tne core can be cooled sufficiently
by pool film boiling, which is the heat transfer mechanism that yields the min-
imum heat transfer coefficient when the core is covered. Details on the appli-
cation of the various heat transfer correlations can be obtained from section
[1.5 of the THETA1-B code manual.

5.3.4. Cladding Rupture

5.3.4.1. Flow-Controlled Fortion of
Transient

The occurrence of rupture is determined during the thermal analysis of the hot
pin. If rupture is indicated, flow blockage is calculated for the hot channel.
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The flow is tten reduced in THETA in the f2llowing manner: Tne flow resis-

tance <ue to blockage is datermined as for a large break; that s, a k-factor
of 1.0 referenced to the reduced flow are2 is assumed for resistance. This
resistance is then referenced to the channel area by multiplying it by the
square of the ratio of the unblocked area to the blocked area. The resultant
k-factor is added to the norma! path resistance, and the flow is reduced until
the blocked and average channels experience the same pressure drop. T[his
yields the following equation for hot channel flow after rupture:

Wp = FWp

where F

Kn/ Kn + 1.0(An/Ap)2,

Wp = hot channel flow after blockage,
F = flow cerrection factor,

Wp = averge channel flow,

Kn = unblocked k-factor,

Ap = unblocked channel area,

Ag = blocked channel area.

5.3.4.2. Quiescent Portion of Transient

5.3.4.2.1. Below Froth Level

Heat transfer within the mixture is by pcol nucleate or pool film boiling,
either of which is adequate to maintain the cladding below its rupture tempera-
ture. Because it is a pool situation, blockage would not reduce heat transfer
by reducing flow. In fact, heat transfer at the ruptured location would be im-
proved because of the increased surface area. For th-se reasons, it is conser-
vative not to allow rupture below the froth level.

5.3.4.2.2. Above Froth Level

Heat transfer above the froth level is by forced convection to steam. Al-
though the thermal analysis is for the hot pin, average core steaming rates
are used for the calculation. This essentially assumes that blockage has oc-
curred in the hot channel, and crossflow between neighboring channels is in-
stantaneous above the froth., The location and degree of rupture cre deter-
mined vsing the THETALl-B code; further retails are available in the user's
manual. Once rupture has been calculated, the metal-water reaction will be
aliowed on both the inside and outside surfaces of the cladding at the rupture
location,
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5.4.

Compliance

This section demoistrates that the features of the small-break evaluation

n 1 described in section 5.3 conform tc the required features for the model
;et forth in 10 CFR 50, Appendix K. Following the format vsed in Appendix K,
compliance is discussed on a point-by-point basis with references made to the
appropriate parts of section 5.3.

I. Recuirel and Acceptable Features

A.

Sources of Heat During LOCA

The provisions of this section are included in the evaluation model as
required (sections 5.3.1.1 through 5.3.1.10).

S#elling and Rupture of Cladding and
Fuel Rod Thermal Parameters

The B&W small-break model contains a suitable provision for calculat-
ing the effects of cladding rupture (5.3.4.1 and 5.3.4.2). However,
it is 44W's position that for small hreaks ary change in gap conduc-
tance before rupture is slight, and the only effect would be a nominal
increase in fuel temperature. The effect on cladding temperature is
small. Once rupture is predicted, the cladding dimensicns near the
rupture will change and steam will fill the gap. Gap conductance is
re-evaluated in accordance with the Final Acceptance Criteria. Spe-
ciric information on this model is available in section [1.2.4 of the
THETA1-B code manual.

Blowdown Phenomena

C.1. Break Characteristics and Flow

C.1.a. Spectrum of Breaks - As required, B&'s small-leak analy-
sis includes a spectrum of break areas 1» to 0.5 42
(section 5.3.2.3). Breaks larger than this are evalu-
ated with the large-break model.

C.1.b. Discharge Model - The discharge model described in sec-
tion 5.3.2.3 complies with the rules of the Final Accep-
tance Criteria. Incorporation of a range of discharge
coefficients into the analysis is already implicit for
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small breaks by considering a spectrum of break areas.
This results from the fact that the discharge coeffi-
cient only affects the apparent break size.

C.l.c. End of Blowcdown - The bypass model described in section

2.7.3 of the CRAFT manual hac been used to investigate
entraiment during pe:0”- of reverse dowrcomer flow in
small leak accidents. Based on a study of past small
breaks, neitrer entrainment nor the associated bypass
will occur. Therefore, bypass calculations are not nec-
essary for conformance to Appendix K.

C.1.4. Noding Near Breek and ECCS Injection Points - Sensi-

tivity studies have shown that the noding model used for
the small breaks is adequate (section 5.3.2.1).

The flow model used by B&W incorporates realistic two-phase mul-
tiplier and Reynolds number corrections for friction factors as

The flow model used by B&W is based on the momentum equation and
includes terms for all seven effects listed in Appendix K

The B&W small leak evaluation medel includes CHF correlations

mentioned as being acceptable (5.3.3). Once CHF is predicted at
an axial position, the return to nucleate boiling is delayed as
described in section 5.3.3.2, which is in agreement with the re-

C.2. Frictional Pressure Crops
required (5.3.2.2).

C.3. Momentum Equation
(50302.2)0

C.4. Critical Heat Flux
quirements of Appendix K.

CISO

Post-CHF Heat Transfer Correlations

Post-CHF heat transfer correlations listed as acceptable by the
rule are used in the B&W evaluation model (5.2.3).
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C.6.

Pump Modeling

c.7.

As required, the reactor coolant system circulation pumps are
represented by a two-phase, dynamic pump model (section 2.5,
BAW-10092, Rev. 3).

Core Flow Distribution During Blowdow:

Flow through the core is smooth because of the nature of the
small break accident (section 5.2). The effects of rupture and
blockage during :he flow-controlled portion of the accident are
determined in the hot pin temperature calculation (5.3.4).

Core inlet enthalpy is determined from the adjacent upstream
node conditions calculated by CRAFT. B&W's evaluation of the
core flow distribution and enthalpy satisfies the requirements
of Appendix K.

D. Post-Blowdown Phenomena - Heat Removal by ECCS

B&W assumes the worst single active failure that produces the
most seveie restriction on ECCS equipment available for a small

D.l. Single Failure Criterion
break (5.3.2.8).
D.Z2. Containment Pressure

In most small breaks, the small discharge area and the slow 'e-
pressurization result in the leak fluw remaining choked until
after long-term cooling has been established. In such situa-
tions, containment pressure does not influence the transient.
However, some of the large small breaks may unchoke before the
core has completely recovered. The containment pressure will
affect depressurization somewhat in these ceses, but because
recovering of the core is slow with small breaks, slight varia-
tions in oressure do not appreciably influence the rate of re-
covering. Containment pressure is not a critical factor in
these accidents as long as the value used is reasonable.
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D.3‘

“1lculation of Reflood Rate

‘ne typical reflooding period as envisoned for large breaks does
not occur for sma!i breaks. Appendix K raises some concern over
the modeling of the RC pumps during reflood. The pumps are
modeled in the manner described in section 5.3.2.6.

The determination of the carryover fraction during reflooding of
the core is not necessary in small breaks because of the slow re-
covering, the relatively low cladding temperatures reached while
uncovered, and the Tow power level. This results in a small
amount of steam being formed with a correspondingly low veloc-
ity, which is not capable of entraining liguid.

There is concern that the discharge of compressed gas from the
core flooding tanks following discharge of the water may affect
core racovering. Since the core flooding tanks (CFTs) discharge
directly into the reactor vessel downcomer, the gas also dis-
charges directly into the downcomer. The gas discharged after
the CFTs have emptied cannot interact with the steam flowing in
the pipes for cold leg breaks. This would tend to build up the
pressure slightly in the downcomer, which would cause a momen-
tary increase in the core recovery rate since the water level in
the downcomer is depressed. As shown in section 4.3.6.3 of
BAW-10104, this effect can be neglected.

Steam Interaction With CFT Water

The B&W CFTs empty directly into the downcomer, where the in-
Jected water s homogeneously mixed with the existing downcomer
steam-1iquid rixture. The phase-separation model determines the
interaction of the steam and water in the mixture. Because of
direct vessel injection, no constraint is placed on the steam
flow 'n the RC system piping. Thus, the provisions of tnis sec-
tion are satisfied by the B&W evaluation technique.
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D.5. Refill and Reflood Heat Transfer

During core recovering, heat transfer above the froth is by
steam cooling only. As sactions of the core are recovered, they
are cooled by pool film boi'ing until pool nucleate boiling can
be appropriately established (5.3.3.2). This procedure conforms
to the requriements of Appendix K.

5.5. Response to Requirements of
NUREG-0737, Section I1.K.3.30

This section demonstrates that the features of the smail break evaluation
model described in section 5.3 addresses the requirements s2t forth in NUREG-
0737, Section 11.K.3.30. The concerns and the responses are provided below.

5.5.1. Concerns in NUREG-0565

NUREG-0565, Section 4.1.1.1, identifies concerns regarding the B&W small-break
evaluation model:

Concern No. 1

Following postulated small break loss-of-coolant accidents, a primary mechan-
ism for heat removal is natural circulation. The staff is concerrad about the
ability of the computer programs to correctly predict the various modes of nat-
yral circulation and the interruption of natural circulation, if it occurs.
Experimental data for the verification of methods for two-phase natural circu-
lation are currently not available.

Response

In response to this concern, the CRAFT code was upgraded. Included in this
modification are a non-equilibrium pressurizer model, an upgraded two-phase
flow model, pump model, and a new steam generator model. These modifications
to CRAFT2 and their justifications are discussed in detail in BAW-10092, Revi-
sion 3.1

To demonstrate the ability of the upgraded CRAFT2 code to predict the various
modes of natural circulation observed during a small break, a post-test anal-
ysis of the Semiscale Mod-2A Natural Circulation Test S-NC-2 was performed,
This was a natural circulation test exhibiting single- and two-phase natural
circulation modes. Various modes of natural circulation were established by
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draining discrete amounts of 1iquid out of the reactor vessel lower plenum.

The results of the post-test predictions of test S-NC-2 are shown in Appendix
G. It is demonstrated in the appendix that the CRAFT2 code compares reason-
ably well with the data. CRAFT predicted the same general trend as found in
the test. The results calculated, for most data points, were within the uncer-
tainties of the measurements. This analysis demonstrated that the upgraded
CRAFT2 code is capable of predicting various modes of natural ci~culation
observed during the small-break LOCA tra:sient and the transition from one

mode to anotber.

In addition, a benchmark of the small-break model against a B&W plant tran-
sient was performed. The high-pressure reactor irip incident at Arkansas Nu-
clear One (ANO-1) on June 24, 1980, was the selected transient. The results
calculated by the upgraded CRAFT2 code were compared with the transient data
to analyze the adequacy of the steam genzrator and the new pressurizer models.

The purpose of this analysis was to demonstrate that the upgraded CRAFT2 code
is capable of predicting similar responses during a B&W plant transient which
involved natural circulation and cooling by the AFW system. The report de-
scribing the analyses and the results are provided in Apnendix H. It is demon-
strated tha. che upgraded CRAFT2 code is capable of predicting the natural
circulation mode observed during the B&%W plant transient.

Concern No. 2

The experimental verification of small break analysis methods with systems
data is currently limited. The available small-break data from Semiscale Test
S-02-6, although containing a number of deficiencies, ic the best information
now available. The analytical methods used to predict the results of this
test do not correctly predict the overall system depressurization rate, and
the depressurization rate following core flcod tank injection. These are sig-
nificant parameters in that they affect the injection rate of the core flood
tank fluid. Analyses by B&W of Semiscale Test S-07-10B and LOFT Test L3-1
have been submitted by B&W and are currently being - saluated by the staff.

Response

In addition to the pre-test predictions of Semiscale Test 5-07-10B and LOFT
Test L3-1, B&W has also performed the post-test evaluation of these tests as
requested in the "Letter to All Babcock & Wilcox Licensees" from R. W. Reid,
Chief Operating Branch No. 4, Division of Licensing, February 24, 1981.
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The post-test evaiuation of LOFT Test L3-1 was submitted to the NRC in June
1981.5 1t was concluded in this evaluation that CRAFT2 is capable of predict-
ing the small-break LOCA pheromena observed in the test if the actual test con-
ditions were utilized.

The post-test evaluation of Semiscale Test S-07-10B/10D was submitted to the
NRC in June 19£1.7 It was concluded in this analysis that usirg initial and
boundary conditions consistent with the actual test, the results calculated by
CRAFT2 are in good agreement with the test data, thus confirming that CRAFT2
is capable of predicting small-break LOCA transient phenomena.

Concern No. 3

The appropriateness of the pressurizer model for analyses of small breaks a*
various locations is a potential concern. The equilibrium pressurizer model
assumed in the B&W analyses gives somewhat different results from hand ~alcu-
lations assuming non-equilibrium conditions. These modeling differences may
be significant for various postulated breaks. Alco, the representation of
flooding in the surge line could affect draining of the pressurizer. A flood-
ing check is not made for the surge line in the computer program.

Resgonse

In response to this concern, a non-equilibrium pressurizer model was developed
and incorporated in CRAFT2. The model simulates pressurizer performance using
a steam region and a liquid region. Heat and mass transfer between the two re-
gions is controlled by steam mixture interface parameters. The model also in-
cludes the sprays, heaters, and safety valves. This model and its justifica-
tion are discussed in detail in Appendix I (section 1.2) of CRAFT2 topical
report, BAW-10092, Revision 3.1

The second part of the concern regarding the addition of fiooding in the surge
line was also assessed. The resi:lt of this evaluation is shown in Appendix C.
It is demonstrated in the report that, based on the geometry of the pressuriz-
er su~ge line, countercurrent flow within the surge line cannot exist to any

significant degree. Consequently, the flow in the B&W pressurizer surge line
will be in onlv one direction. There is no need to add flocding check to the

surge line.

Concern No. 4

The calculation of core level and core heat transfer are important features of
the small break model. Limited experimental data are currently available to
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justify these models. Although the current comparisons have been satisfac-
tory, the experiments are not challenging to the codes. More experimental
data must be obtained for further code verification.

Resoonse

In response to this concern, previous studies contained in BAW-10064 showing
analytical and experimental agreement of the core mixture level evaluation
technique are referenced. These comparisons show tha. the level evaluation
technique empioyed by the B&W model is capable of predicting the core mixture
Tevel.

In order to provide the aralytical and experimental agreement of the core heat
transfer evaluation method, the small oreak core heat transfer model employed
by B&W was compared for steady-state conditions to several tests performed at
Oak Ridge National Laboratory (ORNL). These tests were designed to evaluate
thc steam cooling capability within the core in which the fluid level was al-
lowed to fall below the top of the active core region and stabilized at an in-
termediate location. These comparisons demonstrated that the use of the
Dittus-Boelter correlation as the soie determinant of heat transfer is accept-
able for evalvating compliance with 10 CFR 50.46. Consequently, the present
heat transfer model is acceptable for licensing evaluation. Appendix A con-
tains the detailed analyses performed to support these conclusions.

Concern No. 5

The number of nodes used to represent the primary system for small break LOCA
analyses should be suficiently detailed to model the flashinc of hot fluid in
various locations. This modeling detail is necessary since the calculated sys-
tem pressure during the decompression process is controlled by the flashing of
the hottest fluid existing at any time in the model. The assumption of ther-
mal equilibrium requires that the fluid combined in a single node be repre-
sented by the average fluid properties. If fluid from several adjacent re-
gions is combined in one node, the calculated system process during a portion
of the transient may be lower than could occur if the smaller regions of hot
fluid flashed and maintained the system at the corresponding saturation pres-
sure. Thus, the modeling detail could have a significant effect on the cal-
culated times for various events. such as ECCS actuation.

Response
As a result of the Small-Break LOCA Methods Program developed to address Lhe
requirements ¢i NUREG-0737, section I1.K.3.30, significant code mrdifications
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and revisions were made to the existing small-break LOCA ~valuation model.

Because of these modifications and revisions of the existing evaluation model, i
it was necessary tc perform noding sensitivity studies to develop the base nod- |
ing scheme which demonstrates convergence with respect to spatia: detail. 7o |
accomplish this goal, the foliowing studies were performed:

A noding sensitivity study was performed to develop a converged steam genera-
tor model for 177- and 205-FA plants. These studies were conducted using a
break that relies on the steam generator for RCS depressurization. The spa-
tial detail for modeling the steam generator was increased to the code's ca-
pacity to assess the impact of additional spatial detail on the transient
response. Based on these studies, the steam generator mcdels that adequately
accounted for all the phenomena were chosen as the appropriate models for 177-
and 205-FA plants.

To ensure that the effects of local flashing were accounted for, noding sensi-
tivity studies of the upper plenum and upper head of the reactor vessel were
performed for 177- and 205-FA plants. The converged steam generator models
were used for these studies. Based on these studies, a converged model was
developed for the upper head and upper plenum of 177- and 205-FA plants by
evaluating the results of various degrees of spatial detail in these regions.

Finally, a noding study was conducted for the hot leg to ensure that its spa-
tial detail is sufficient to model any interruption in natural circulation
flow due to the formation of a steam pocket in the top of the inverted U-bend
in the hot legs.

A1l the noding sensitivity studies performed for 177-FA lowered-1oop plants to
achieve the converged base model are discussed in Appendix E. The noding stud-
ies performed for 177-FA raised-loop plants are preserted in Appendix F. Ap-
pendix 1 includes all the noding sensitivity studies for 205-FA plants.

Concern No. 6

During the recovery period from a small-break LOCA, the thermodyanmic equilib-
rium assumed in fluid control volumes could result in errors in the predicted
system pressure. This could, in turn, introduce errors in h>th the break dis-
charge and safety injection flow. The rate at which the water is refilling
the system can affect steam condensation. If the condensation efficiency is
less than 100%, system pressure would be higher than predicted.
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Concern No. 7

The reduction in the primary system pressure determines the rate and amount of
core flood tank water 1njegted. Core reflooding is depenaent on this flow.

As discussed in NUREG-0611°, the sensitivity analyses performed demonstrate
the influence of core flood tank injection. The amount of steam present at
the injcction lcoation is the predominant factor that determines the core
flood tank mass delivery. The results of an analysis will be influenced by
the model and the modeling assumptions used to calculate the core flood tank
flow. Additional studies will be required to obtain the necessary information
to perform an Appendix K analysis. Additional work in this area is underway
at EG&G Idaho since more recent 2xperimental data, including LOFT Test L3-1,
indicate less depressurization than Semiscale Test S-02-6.

Response (to Concerns 6§ and 7)

These concerns deal with the adequacy of the ECCS injection model used in
small-break LOCA evaluations. During the NRC/B&W Owners Group meeting of
December 16, 1980 these concerns were clarified. The concern addressed the
possibility of a large pressure disturbance after CFT actuation due to the
ECCS injection location. In order to respond to this concern, previous B&W
small-break transient evaluations were reviewed to determine whether they ex-
hibit the system disturbance of concern. The review of these previcus analy-
ses showed that the downcomer 1iquid volume remzins high throughout the tran-
sient. As a result of this high liquid content, the use of the thermodynamic
equilibrium assumption does not illustrate the system disturbance of concern.
The system depressurization characteristics are not significantly altered.
Thus, the ECC injection 'ndeling employed in the B&W evaluation model provided
an adequate representatic., of the actual phenomena and the system responses.
Details on the evaluation of the previous analyses are provided in Appendix D.

In NUREG-0565, Section 4.2.11, the staff expresses the following concern:

Concern

A1l sources of non-condensible gas generation in the RCS must be taken into
consideration, including radiolytic decomposition, to determine the effect on
the small-break tr:nsient. In additiun, it was recommended that the licensees
provide "confirmatory information to verify the predicted condensation heat
transfer degradation" in responding to this concern.

Resgonse

In response to this concern, all sources of non-condensible gas, including the
radiolysis will be accounted for to assess the impact uf non-condensibles on
the small-break transients. The condensation heat transfer degradation model
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used to asses~ the impact of non-condensibies on SBLOCA transients has been
developed by investigating the available literature of industry data including
the B&W Single-Tube Condensation Test results at ARC. The details on the deg-
radation of condensation heat transfer model are provided in Appendix I (sec-
tion 1.56) of the CRAFT topical report.

5.5.2. Concerns in NUREG-0623

The following two concerns are identified in NUREG-0623:

Concern No. 1

In NJREG-0623, Section 4.2.2, the staff expressed a concern that the two-phase
flow treatment in CRAFT is not adequate to calculate the distribution of lig-
uid in the primary system during a small break with reactor coolant pumps op-
erating.

Resgonse

In response to this concern, the drift-flux model was developed and incorpo-
rated in the CRAFT2 code. The details on the drift-flux model are provided in
Appendix I (section 1.31) of the CRAFT2 topical report. The adequacy of the
two-phase flow model was demonstrated by the successful prediction of the LOFT
L3-6 test submitted to the NRC in April 1981.5

Concern No. 2

In NUREG-0623, Section 4.3.5, the NRC raised a concern that the two-phase pump
model currently used in the evaluation of small-break transients does not ade-
quately mode® the degradation of pump head and hydraulic torque during two-
phase operation.

Response

11 response toc this concern, 1 new pump moiel was developed and incorporated
into CRAFT2. The new pump model will account for the degradation of pump
head and torque in a two-phase environment. The new pump model is described
in Appendix I (cectiun 1.4) of the CRAFT topical report.

5.5.3. Concern Raised at December 16, 1980, Meeting

During the NRC/B&W Owners Group meeting of December 16, 1980, a concern was
raised thet B&W's subcooled/saturated discharge model in the existing evalua-
tion model may be non-conservative with respect to a "best-estimate"” discharge
model .
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Response

The B&W small-break evaluation model utilizes an orifice-Moody discharge model
with a discharge coefficient of 1.0 thrcughout the transient. Evaluations
were performed to compare the RC system response with the "best-estimate" and
existing leak discharge models. The existing leak discharge model produced
results that were similar to but conservative in comparisor with the "best-
estimate model. Hence, no modifications are necessary to the leak discharge
model used in the evaluation model. Appendix A contains the report discussing
the selected "best-estimate" discharge model and the results.

5.6. Summary and Conclusions

It has been shown that the small-hreak evaluation model conforms to Appendix
K. The techniques involved were developed specifically to model the unique
behavior of a small-break accident accurately. It is also shown that the con-
cerns identified in NUREG-0737, Section I1.K.3.30, with regard to small-break
LOCA methods are also fulfilled by the small-break evaluation model.
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Figure 5-1. Small Break Analysis Code Interface
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6. MAXIMUM HYDROGEN GENERATION, COCLABLE
GEOMETRY, AND LONG-TERM COOLING

6.1. Maximum Hydrogen Generation

Criterion 3 of 10 CFR 50.46 states that the maximum amount of cladding oxida-
tion during a LOCA shall be limited to 1% of the whole core cladding. Demon-
strating compliance involves evaluating the metal-water reaction at all core
locations. Using a conservative approach, it is demcnstrated in section & of
(approved) BAW-10104, Rev. 3, that adequate methods exis. for calculating oxi-
dation formation during a LOUCA.

6.2. Coolable Geometry

Criterion 4 of 10 CFR 50.46 states "calculated changes in core geometry shall
be such that the core remains amenable to cooling." It is demonstrated in sec-
tion 7 of (approved) BAW-10104, Rev. 3, that adequate methodology exists for
determining "coolable geometry."

6.3. Long-Term Cooling

Criterion 5 of 10 CFR 50.46 states that a low core temperature must be main-
tained following the calculated successful initial operation of the ECCS and
that decay heat must be removed for an extended period of time. T[his section
describes the method of compliance with this criterion.

The analysis of a LOCA is continued until the cladding temperatures at all lo-
cations in the core are decreasing and the fluid levei in the core is rising.
At this time the path to long-term cooling is estabiished. Cooling for the
long term is by circulation through the vessel maintained by the ECCS.

The onset of long-term cooling i: defined as the time after a LOCA when the
ECC systems are properly aligned and minimum performance requirements are met.
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The operator actions needed to initiate long-term cooling and the required ac-
tions to be performed during its duration are addressed in specific plant anal-
yses. For each required ovperator action, the instrumentation that provides

the required information to the operator is described. The basis for the on-
set of long-term ccoling is related to the performance requirements of the ECC
systems and reasonable operator response time.

The duration of lTong-term cooling is the period between its onse* and the end
of the need of core cooling requirements by the ECC systems. The end of ECC
cooling requirements is the time when the core is removed from the rzactor
vessel or when other permanent means are provided for core heat removal. The
exact duration of long-term cooling will vary depending on several factors,
including the size of the break and the radiation release.

6.2. Boric Acid Concentration .

Since a1l ECC systems inject borated water, salts could build up, which could
precipitate and block core channels during lo:g-term cooling. This concern is
addressed in specific analyses for each B&W plant type.

After a LOCA, there is a period during which a natural circulation loop will
exist in the reactor vessel. The flow path is downcomer-core-upper head-vent
valves-downcomer. This circulation will be adequate to prevent rapid in-
creases in solute concentrations. The situation will exist for several days )
(and possibly for several months).

During the natural circulation period, alternate sources can be established
and operated to maintain the solute concentrations below their solubility
lTimits. The alternate source will depend on the plant type being analyzed and
will be addressed in specific plant reports. The analyses will be performed
in a consarvative manner. All active components in the systems that will be
relied on will be quaiified to operate in the post-LOCA ¢nvironment. System
requirements will be set to meet the single-failure criterion and will provide
adequate dilution to preclude precipitation within the reactor vessel.
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7. REQUIRED DOCUMENTATION

Th.s section verifies compliance with the documentation requirements (Part II)
of Appendix K to 10 CFR 50.

II. Required Documentation

l.a. The computer codes that form the basis for the ECCS evaluation model are
described in the following B&W topical reports:

CRAFT BAW-10092
THETA BAW-10094
FOAM BAKW-10064

These descriptions include the derivations of the equations used in the
codes, starting with the fundamental physica® laws, and 2ll approxima-
tions.

These topical reports describe the manner in which the cumputer codes
are used in the evaluation model. Included in each is a decsription of
the code interfaces, the manner i+ which the codes are used, and the
basis for selection of input parameters.

1.b. Any changes in the ECCS evaluation model that result in a deviation of
more than 20F in the calculated cladding temperature transient will be
documented by appropriate amendments to the evaluation model descrip-
tion.

l.c, The Nuclear Regulatory Commission has been provided with complete list-
ings of each computer program.

2. Corvergence of solut’.n techniques are demonctrated by system modeling
and noding sensitivity studies described in section 5.3.2 of this
report.
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3.

“redictions and experimental data are be‘ng compared continually for the
evaluation model and portions of it. Many such comparisons have been
made in the past and will continue as new experimental data become avail-
able. The latest comparisons are listed below.

a.
b.
C.
d.

€.

Pre-test and post-test predictions of Semiscale Test S-07-10B/100.
Pre-test and post-test predictions of LOFT test L3-1.
Post-test analysis of semiscale Test 5-NC-2.

Benchmark against B&W plant transient of high-pressure reactor trip
data.

Post-test analysis of LOFT Test 1.3-6 (pumps on).

This information has been rerorted to the NRC. Information on future
comparisons will also be documented and supplied to the NRC.

The B&W topical reports that describe the ECCS evaluation model, provide
the technical basis for the adequacy of the computational methods, and
provide compliance with 10 CFR 5C.
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APPENDIX A

Comparison of SB Core Heat Transfer Model to
ORNL SBLOCA Heat Transfer Tests
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1. Summar

The small break core heat transfer model employed by B&W was compared for
stea'y-state conditions to six tests performed at Oak Ridge National Labora-
tory (ORNL). These tests werz designed to evaluate the steam cooling capa-
bility within a core in which the fluid level was allowed to fall below the
top of the active core region and stabilize at an intermediate location. Core
cocling under the<~ conditions would be accomplished through pool boiling be-
low the swell or fluid level, and by steam cooling above the swelling. The
comparisons were made for t:at portion of the core above the swell level.

The comparison of the ORNL heat transfer test data to the B&W techniques dem-
onstrate that utiiization of the Dittus-Boelter correlation as the sole deter-
mination of heat transfer is acceptable for determining compliance to 10 CFR
50.46. For the low flow tests that are most representative of SBLOCA condi-
tions that would be predicted for the B&W-designed NSS, the combined convec-
tive and radiant heat transfer from the ORNL tests was higher than the
Dittus-Boelter prediction when clad temperatures exceed 1000F. Due to the con-
servatism of the Dittus-Boelter heat transfer correlation at high cladding tem-
peratures, the present neat transfer model is acceptable for licensing evalua-
tions.

2. Introduction

A small break loss-of-coolant accident (SBLOCA) can undergo temperature excur-
sions within the core when a portion of the core is uncovered. Experiments
conducted at General Electricl, HitachiZ, and Hestinghouse3, as well as the
experimental work within B&W,% have shown that at the decay heat levels pres-
ent in SBLOCAs, the portion of the core that is below the swell ‘evel remains
within a few degrees of the saturation temperature. However, the mechanism
for cooling the core above the swell level is forced convection to steam. For
this reason, during partial core uncovering, the region of the core above the
swell will underno a temperature excursion. ORNL performed a series of SBLOCA
heat transfer experiment55 to evaluate the effectiveness of the mode of heat
transfer above the swell level.

The objective of the ORNL test series and the ensuing analysis was to derive
experimental heat transfer coefficients and to formulate a heat transfer model
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capable of predicting heat transfer coefficients during core uncovering condi-
tions. Six tests were performed in the ORNL electrically heated test reactor.
The six tests varied pin powers and reactor coolant system (RCS) pressures
under steady-state conditions at different mixture levels within the core
region.

Analyses of the ORNL heat transfer tests have been performed using the
Dittus-Boelter correlation as specified in the present B&W SBLOCA evaluaticn
model.6 These analyses, reported herein, assess the validity of the present
model. Tne method of analysis and the results obtai:ad are presented in sec-
tions 4 and 5, respectively.

3. Conclusion

The comparison of the ORNL heat transfer test to B&W techniques indicates that
utilization of the Dittus-Boelter correlation as the sole determination of

heat transfar is acceptable for determining compliance to 10 CFR 50.46. For
the low flcv tests, which are most representative of B&W SBLOCA conditions,

the combined conveciive and radiant heat transfer from the ORNL tests was
higher than the Dittus-Boelter prediction when cladding temperatures exceed
1000F. For all tests, the predicted heat transfer was conservative, relative
to the ORNL test data, for cladding temperatures above 1400F. Due to the c¢oan-
servatism of the Dittus-Boelter heat transfer correlation at high clacding tem-
peratures, the present heat transfer model is acceptable for licensing calcula-
tions.

4. Method of Analysis

In this evaluation, the FOAM code’ was used to predict the ORNL heat transfer
data. FOAM is the computer code used by B&W to calculate the core mixture
level if the SBLOCA transient analysis predicts core uncovering. The capa-
bility of the code to predict core mixture levels was demorstrated in refer-
ence 7 by benchmarking the code to the mixture level data of references 1
through 3. The FOAM code also has the capability to predict steady-state heat
transfer coefficients and cladding temperatures above the core mixture level.
The code utilizes the Dittus-Boelter correlation to predict the convective
heat transfer coefficient and assuming all core heat is removed through the
cladding, the resultant steady-state cladding temperature is obtained. Since
the THETA1-B code,® used for cladding temperature predictions within the B&W
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ECCS evaluation model, also uses the Dittus-Boelter correlation, comparison of
the FOAM heat transfer coefficient predictions to the ORNL data directly as-
sesses the capabilty of the evaluation medel to predit cladding temperatures
above the core mixture level.

The Dittus-Boelter heat transfer model was isolated in FOAM by manipulating
FOAM's input and output to be consistert with the ORNL data and results.
Steady-state conditions for both FOAM and CRNL were maintained by allowing the
subcooled mass flow into the core to equal the steam mass flow out of the
core. The axial power profiles modeled in FOAM were flat, consistent with the
ORNL experiment. The area of the assembly was the square of the fuel rod
pitch multiplied by the number of rods ir the assembly, since the rods adja-
cent to the vessel wall are one-half the pitch (Figure A-1). A1l other inputs
into FOAM were taken directly from reference 5. These inputs included heated
perimeter (Ph), flow area (A), heat flux (0), mass flux (G), system pressure
(P), and mixture level (Zm).

To prevent induced error in the heat transfer calculations, the FOAM and ORNL
mixture heights were equated Ly iterations on inlet subcooling. The ORNL fa-
cility consisted of a 64-rod test assembly surrounded by an unheated shroud.
To prevent the shroud and unheated rods from affecting the comparisons, the
data taken for comparison were from a rod one row removed from any unheated
structures. The rods analyzed were the fuel rod simulator (FRS) type 1, shown
on Figure A-2. The other rods examined by ORNL were exposed to the relatively
colder shroud or unheated rods.

5. Results

As illustrated in Figure A-3, fluid and cladding temperature measurements for
the ORNL tests were taken at the 11.9- and 9.9-foot elevations in the core.
Results of the analyses performed for the type 1 FKS at these elevations are
summarized in Tables A-1 through A-3. Table A-1 contains the results of the
FOAM analyses, which includes fluid and cladding temperatures and convective
heat transfer coefficients. FOAM contains only a convective heat transfer
model .

Table A-2 contains the results of the ORNL analysis from reference 5. It in-
cludes fluid and cladding temperatures, and convective, radiation to steam,
and total heat transfer coefficients. The radiation and convective terms make
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up the total heat transfer coefficient. As ncted on the table, the rediation
heat transfer accounted for 20 to 30% of the total heat transfer.

lable A-3 is a comparison of the FOAM and ORNL results based on the data tabu-
lated in Tables A-1 and A-2. Convective HTCs are compared since they are com-
mon to both the FOAM and ORNL analyses.

Figures A-4 through A-9 graphically summarize the results shown in Tables A-1
thro gh A-3., These figures show the comparison of the heat transfer correl2-
tions deduced by ORNL from the tests and those predicted by the B&W evaluation
mode! for the same conditions as a function of cladding temperature.- The fig-
ures show the B&W total heat tr.sfer coefficient (i.e., from the Dittus-
Boelter correlation), the total heat transfer coefficient observed ir the
test, and the convective heat transfer coefficent obeserved in the test. The
ratio of tne total test heat transfer coefficiert to the B&W heat transfer co-
efficient is plotted at the bottom of each figure. The solid portiu.. of the
lines provide the span of the data or the calculations. The dotted portions
are extrapolations.

As can be seen, the Dittus-Boelter correlation significantly overpredicted the
convective heat transter coefficient over the tested range. Based on the
data, it appears that the cladding temperature must exceed 1300F before the
convective heat transfer coefficient predicted by the Dittus-Boelter correla-
tion is smaller than the measured heat transfer coefficient. However, as
noted in Table A-2, radiation heat transfer from the fuel rod to the super-
heated steam was a significant fraction of the tot2] heat transfer coefficient
obtained in the ORNL tests. The radiation heat transfer coefficients for the
experiment are illustrated in Figure A-10. The present 8&W core heat transfer

model does not include a radiation heat transfer model. - - *he basis of total
heat transfer, the B&W technique is conservative for clac . ‘atures above
1400F .

A further insight inio the results can be obtained by arranging the tests &s a
function of steam flow rate. Figure A-11 shows that the Dittus-Boelter corre-
lation becomes conservative as the flow is reduced. The significance of these
results is obtained by examining the flow rates characteristic of a SBLOCA.
These maximum flow rates are on the order of 0.5 x 10% 1bm/h. From this fig-
ure, it is concluded that the B&W technique will predict conservative cladding
temperatures for all cladding temperatures above 1000F.
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Flow in the ORNL tests was atypically high for two reasens. The ORNL power
shape was flat in both the radial and axial dimensions. An actual core would
have a shaped power distribution in both dimensions. Power distributions for
small break evaluations are typically peaked to the core outlet to provide con-
servative cladding temperature predictions. With a power level at the value
used in the ORNL experiments, which was typical of SBLOCA conditions, smaller
cteam flow rates woul” be obtained in the small break evaluztions. This is
graphically shown in Figure A-12, which illustrates that the integral of the
core power up to the mixture leve! will be significantly lTower for the power
distribution analyzed in small break evaluations when compared to the flat
axial profile used in the ORNL experiments. The integral of the core power
level up to the mixture level is a direct measure of the core steaming rate
and, as noted on Figure A-12, the steaming rate expected in small break evalu-
acions is approximitely 67% of that utilizea in the ORNL experiments.

In addition to the axial power profile effects on core steaming rate, there is
a radial peaking effect. A typical design radial peaking factor is 1.5. The
B&W evaluation model uces, as a conservatism, the average core power for steam
product%on ever when cooling the hot channel. As a result of this assumption,
the power to flow ratio for the ORNL experiment will be about 1.5 times that
used in a small break evaluation.

Although the tests do not provide 2ta directly applicacle to small hreak sit:-
ations that might be incurred in a SBLOCA transient in a B&W plant, the data
clearly illustrate the conservatism in the present heat transfer model at high
temperatures. As can be seen by exam'ning Figures A-4 thorugh A-9, the
Dittus-Boelter correlation does not predict the data trends, observed by ORNL,
for the convective heat transfer coefficient. This is further substantiated
by Figure A-13, which is the ORNL comparison from reference 5, of the Dittus-
Boelt -r correlation to the convective heat transfer coefficients obtained from
all the FRS. Howaver, since radiation heat transfer, which is a substantial
parcion of the overall heat transfer, is not included in the B&W model, the
Dittus-Boelte= correlation provides a conservative prediction of the total
heat transfer for all the ORNL test data once the cladding temperatures are
above 1400F.
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In summary, the a .alyses of the ORNL data indicate that the present core heat
cransfer model will provide a consarvative assessment of the total heat trans-
fer coefficient for cladding temperatures above 1400F. Sirnce this is well re-
moved from the 2200F peak cladding temperature ailowed by 10 CFR 50.46, the
Dittus-Boelter correlation is acceptable for licensing evaluations.
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Table A-1. Results of FOAM Analysis

: Convective'd)

Two-phaseld) "tsi Fluid heat transfer

ORNL test(a) pressure,(2) power,(2) mixture flux,(a) x10%  Flevation,(2) temp,  Cladding coefficient,

designation psia kW/ft level, Tt 1bm/h-ft & T F temp, F Btu/h-ft -°7

C 419 0.36 9.41 1.08 11.9 914 1413 25
9.9 524 1024 25
D 613 3.25 8.50 0.68 11.9 1173 1630 19
9.9 736 1244 17
E 617 0.41 8.99 1.30 11.9 975 1448 30
2.9 613 1091 30
F 1018 0.27 8.46 0.75 11.% 1161 1608 21
9.9 756 1225 20
G 1009 0.38 71.97 1.13 11.9 1210 1657 30
9.9 825 1306 28
H 387 0.42 1.97 1.22 11.9 1228 1708 30
9.9 809 1356 27

(a)From Tabie 1 of reference 5.
(b)paw FOAM mode! does not contain a radiation model, the convective HTCs are its total heat transfer coefficient.
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ORNL test
designation

C

0

Prec e
(a) ""Pcialal

419

613

617

1018

1009

387

Power ,
KW/t

0.36

0.2%

(8)¢ com Table 1 of reference 5.

(b)

(d)

(a)

Tuo-?hase

mix el,

s
9.4]
8.50
8.99
B.46
8.97

7.97

From data in reference 5 for rod type 1 only.
“Ifrom data in reference 5 for rod t pe | where convective HTC = (results of heat transfer computations) - (FAD WIC),
From data in refer ace 5 for radiation to steam for rod type 1 where RAD to steam = (rod flux summary :T).

(®)y (RAD HIC)/(Tota) HTC) = 100 = ¥ radiation.

Table A-2.

Results of ORNL Analysis

Mass flux,
»10*
Tom/h-ft’

1.08
0.68
1.30
0.75
1.13

1.22

(a)

Ry

1

9
1

1

—

1.9
9
1.9
9.9
1.9
9.9
11.9
9.9
1.9
9.9
11.9
9.9

Fluid

temp,
o)

881
526

1006
649
943
595

1050
689

1047
751

1016
647

Clad

0

1338
1126

1337
1130

1415
1272
1330
1097

1437
1261

1443
1222

Convect iv
wig, (¢
Btu/h-ft -°F

19.15
15.47

16.98
11.59

20.9%
15.64

23.90
17.48

22.89
18.33

23.35%
18.49

Radiat
NYC,?:)
Bu/h-ft’ °F

<Az
4.85

7.69
4.94

7.89
5.42

sy o @
L oo
55 88 3%

Tota) wic,'
Bru/h-fe - F

25.27
19.32

24.67
16.53

28.84
21.06

32.55
22.94

32.37
24.92

30.45
23.08

% radiation
of total YTC.
yle

4
20

3
30

27
26
27
24

29
26

23
20

Fluid
superheat
temp, ¥

432
77

517
160
454
106
503
142
01
205

470
206



Table A-3.

Comparison of FOAM to ORNL

Foam/oRN: (@)

ORNL test Elevation, Convective

designation ft HTC Total HTC
C 11.9/9.9 1.31/1.62  0.99/1.29
D 11.9/9.9 1.12/1.47  0.77/1.03
E 11.9/9.9 1.43/1.92 1.04/1.42
F 11.9/9.9 0.88/1.14  0.65/0.8/
G 11.9/9.9 1.31/1.53 0.93/1.12
H 11.9/9.9 1.28/1.46  0.99/1.17

(a)eoam tatal heat

transfer model contains convective

heat transfer only; ORNL heat transfer model con-

tains convective and radiation-to-steam heat trans-

fer model.
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Figure A-1. Partial Assembly
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Figure A-2. Classification of THTF Bundle 3
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Figure A-3. Fuel Rod Elevation Diagram for ORNL Test
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Figure A-6. Test E
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Figure A-10. Radiation HTC to Degree of Superheat
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Figure A-12. Typical Core Shape Skewed Toward Core Exit
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Figure A-13. Comparison of Dittus-Boeiter Correlation to Data
(From Reference 5)
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APPENDIX B
Leak Discharge Model
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1. Introduction and Summary

During the December 16, 1980, meeting between tne B&W Owner's Group and the
NRC,! the NRC Staff identified a concern about the leak discharge models used
in the ECCS evaluation model (EM). The staff stated that the present dis-
charge models must be justified by demonstrating that they yield SBLOCA conse-
quences that are in reasonable agreement with, or conservative with respect
to, the consequences that would be obtained by using "hest estimate" (BE) dis-
charge models. Although this concern was not identified in NUREG-05652, and
hence is not covered in Item I1.K.3.30 of NUREG-07373, it has been addressed
as part of the Small Break LOCA Methods Program. This report describes the
results of a literature survey conducted to select and lustify the best-esti-
mate leak cischarge model. It also provides the comparison of the present
evalaution model with the selected best-estimate discharge model and addresses
the validity of the present leak discharge model.

The B&W small break evaluation model utilizes an Orifice-Moody discharge model
with a discharge coefficient of 1.0 throughout the transient. Az a result of
a literature survey, a best-estimate leak discharge model was selected. The
selected model is the orifice equation for subcooled flow, with a discharge co-
efficient of 0.7, and the homogeneous equilibrium model (HEM) for saturated
flow, with a discharge coefficient of 0.75. Justification of this model is
provided in section 2. The calculated reactor coolant (RC) system response
with the selected model is compared to that of the existing mudei for the
worst area break in section 3. The existing leak dischar;e model produced re-
sults that were similar to, but conservative with respect to, those obtained
with the best-estimate model; hence, no modifications to the leak discharge
model used in the evaluation model are necessary.

2. Small Break Phenomena and Leak Discharge Models

A loss-of-coolant accident (LOCA) is & condition in which liquid inventory is
lost from the RC system. Due to the loss of mass from the RC system, the sys-
tem will beqin to depressurize. The response of the primary system to a small
break will differ greatly depending on the break size, its location in the sys-
tem, etc. During LOCAs, extremely large pressure gradients do exist; hence,
the loss of fluid through a given break is limited to a "ecritical" value. The
value of the critical flow through the break is calculated by the leak dis-
charge model.
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In the existing ECCS evaluation model for small breaks, the Orifice - Moody
leak discharge model, with a discharge coefficient of 1.0, is utiiized. This
section presenis the results of the literature survey and the selection of the
best-estimate leak discharge mode!. The factors affecting critical flow are
discussed. The basis for selecting the best-estimate discharge model is ex-
plained, and the selected model is compared with test data. The calculated
system response with the selected model is compared to that of the ex.sting
model in section 3.

2.1. Literature Survey

Numerous potential references on the subject of subcooled and two-phase criti-
cal flow were identified from a Department of Energy data base computer
search, and the available articles were gathered and reviewed. Previous rele-
vant B&W studies were also examined. Based on these studies, a best-estimate
leak discharge model was selected.

Most interest was taken in studies that comparcd several models to data, or
compared the data for diff-rent geometries and fluid conditions. Articles on
the theoretical development of particular models were also of interest.

Fuor the most part, this study relied on references that compared the models to
data. D. G. Hall evaluated the accuracy of several models using measured
fluid conditions from Semiscale Test S-02-4 as 1nput to the models and com-
pared the predictions to the measured flow rates.? K. H. Ardron and R. A.
Furness compared model predictions and data for a range of conditions for both
subcooled and two-phase fluid.® They compared data from experiments wit!: dif-
ferent geometries and assessed when the different models were in best agree-
ment with the data. Travic, Hirt and Rivard discussed the Hall results and
used a two-dimensional computer code to analyze geometric effects.b Studies
by Sozzi and Sozzi and Sutherland compared model predictions to data and eval-
uated geometric effects on flow rates.’»8 Reocreux discussed the theoretical
basis of the critical flow models and also briefly compared the theoretical
and experimental results.?

In addition to the model comparisons to data cited above, this study relied on
B&W comparisons of critical flow models to data. These include evaluations of
the Sozzi and Sutherland data and post-test predictions of semiscale and LOFT
experiments,i0,11
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2.2. Facrors Influencing Critical Flow Rates

Several critical flow models have been developed by various authors. While
all of these have been derived from the mass, momentum, and energy conserva-
tion equations, the authors use different assumptions about homogeneity, ther-
mal equilibrium between the phases, slippage, etc. However, all the models
compute the mass flux through the break based on upstrean (stagnation) fluid
conditions. The predicted mass flux is then multiplied by the break area to
obtain the leak flow rate.

several factors influence the critical flow rate through a given break. The
two main variables are the upstream fluid state and the break geometry. ‘“heth-
er the upstream fluid is subcooled or saturated has a significant impact on

the critical flow rate. Generally, different discharge models are used to pre-
dict the critical flow rate depending on the fluid state. Thus, each fluid
state will be examined separately in selecting the best-estimate discharge
model (see section 2.3).

Break geometry, which includes the length and diameter of the minimum area ond
the shape of the break entrance and exit, can also have a significant impact
on critical flow rate. None of the critical flow models examined explicitly
address different break geometries in their formulation. Rather, break geome-
try effects are accounted for by multiplying the predicted flow rate by an em-
pirical discharge coefficient, which must be chosen by the anéﬁ}st. There-
‘ore, any selection of a best-estimate discharge model must be coupled with an
assessment of break geometry.

2.3. Best-Estimate Discharge Model
Selection and Justification

As a result of the literature survey and the review of previous relevant B&W
studies, the best-estimate leak discharge model selected is .he orifice equa-
tion, wi'h a discharge coefficier* of 0.7, for subcooied flow and the homogen-
eous equilibrium model (MEM), with a discharge coefficient of 0.85, for satu-
rated fluid conditions. This model is expected to predict leak flows near
experimental values for the expected worst-case break geometry and to predict
leak flows on the conservative side for most other cases. The justification
of the selected best-estimate leak discharge model is proviied below.

B-4 Babcock & Wilcox



2.3.1. Subcooled Discharge Mcdel

2.3.1.1. Comparison to Test Data

In order te select the best-estimate subcooled discharge model, a lite-ature
review was performed to assess the capability of the various theoretical
models to predict experimental deta. The subsequent paragraphs summarize the
results of the literature survey.

D. G. Hall compared several subcooled discharge mudels and the data from semi-
scale test $-02-4,4 In his comparison, Hall noted that several of the correla-
tions - the Burnel’, modified Burnell, and Henry-Fauske models - all use forms
of the orifice equation:

Gav(Py = Pa/v

where £ = mass fiux,
P1 = upstream pressure,
P> = downstream pressure,
v = specific volume.

The Henry-Fauske and both Burnell models predict the throat pressure (down-
steam pressure) for use in the orifice equation. It should be noted that in
the CRAFT2 code, the containment pressure is used as the downs*ream pressure
for the orifice equation.12 Hall found that when the measured throat pres-
sures for the experiment were substituteu irto the orifice equation, the pre-
dicted flow rates maintained a nearly constant ratio with the mezsured flow
rates. This conclusion is illustrated in Figure B-1 (from Hall's report),
which presents a ratio of the measured mass flow rate for the cxperiment to
that predicted by various leak discharge correlations. As shown, the
Bernoulli (orifice equation) mass flow ratio is essentially constant during
the subcooled portion of the blowdown, approximately the first 2.9 seconds,
when the mrasured throat pressures are utilized. While the Henry-Fauske and
modified Burnell mass flew ratios shown in Figure B-1 predict the measured
flow rates more closely, neither predicts the data tren’. As Hall found, and
as shown in Figure B-2, none of the discharge models was cepable of predicting
the throat pressures.
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Hall's compariscn of several discharge models to the test Zata is shown in Fig-
ure B-3. The mass flow ratio for the orifice equation, using the containment
pressare as the downstream pressure, has been added to the figure. As can be
seen, both the Heir,-Fauske and modified Burnell models closely predict the
sub:20led mass flow rates. The orifice equation yields a nearly constant

ratio of 0.6. Based on t:s comparisons, Hall concluded that the modified
Burnell (Zaloudek) model, with a discharge coefficient of 1.0, should be used
to predict subcooled flow.

An additional comparison of the ability of various subcooled discharge correla-
tions to predict subcooled flow was performed by K. H. Ardon and R. A
Furness.? Figure B-4, taken from their paper, presents the flow rates predic-
ted by several correlations for various stagnation (upstream) pressures assum-
ing saturated water flow. Included in the figure are measured brcak fiow
rates from various experiments. While this figure is based on saturated water
flow, the authors state that da*a for initially subcoc.ed fluid conditions fol-
low similar trends. As illustrated by the figure, the break geometry can have
a substantial impact on the subcooied discharge rate. Since none of the
nodels explicitly accounts for break geometry, it is not surpricing that the
figure shows tnat the data ser is not well characterized by any sinale model.
However, as the authois note, orifice flows can be predicted by the Bernoulli
(orifice) equation if a discharge coefficient of 0.65 is used. The authors
also note that data for short nozzles generally fell about 50% above the val-
ues predicted by the Henry-Fauske model.

Supplementing the literature discussed above, B&W has performed an evaluation
of the ability of the orifice equation and modified Burnell subcooled dis-
charge models to predict the Sczzi and Sutharland data.8 The results of that
evaluatinn are shown in Figures B-5 and R-6. These figures present the dis-
charge coefficient that would be necessary for each of the moaels to predict
the d:ta. /5 shown, the break geometry has a substantial influence on the re-
quired di-charge coefficient. For high-L/D nozzles, there ‘s also a subcool-
ing effect that must be considered. Like the conclusions of Ardon ard
Furness, this comparison shows that flow rates through orifices can be simu-
lated using the orifice equation with a single discharge coefficient.

In summary, subcooled discharge rates cannot be adequately predicted by any
single model. At best, if the break geometry is known. the analyst can select
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the appropriate discharge coefficient for the discharge model being utilized.
Thus, in selecting the best-estimate subcooled discharge model for small break
LOCA evaluations, break geometry effects must be considered.

2.2.1.2. Lasis for Selecting Best-Estimate
Subcooled Discharge Model

This section discusses the basis for selecting the subcooled discharg: model.
As is obvious from the previous section, an appropriate discharge coefficient
is needed for the discharge mode! to predict the correct leak flow rate. This
discharge coefficient depends on the geometry of the break and the fluid
state. Since small break evaluations must cover any assumed break size or
shape, the vest-estimate mode]l must be reasonable for wurst-case break geome-
tries and conservative for all others.

To aid in defining a conservative subcooled discharge model, previous small
break evaluations were reviewed. A spectrum of small breaks at the pump dis-
charge for B&W 177-FA lowered-loop plants was analyzed with an Orifice-Moody
discharge model with a discharge cc-"ficient of 1.0. The calculated system
pressures and the core mixture levels are shown in Figures B-7 &nd B-8.13 A
similar analysis for a spectrum of small breaks wss performed with the modi-
fied Zaloudek-Moody discharge model with a discharge coefficient of 1.0. The
predicted system pressures and core mixture levels for this spectrum of smail
breaks are shown in Figures B-9 and r.10,14

Comparison of the two different ieak discharge model analyses shows that the
system response is similar in both cases and that the 0.07 ft2 break size is
the worst break area. The major difference in system response using the
Zaloudek discharge model is that the subcooled blowdown lasts longer because
it predicts less flow than the orifice equation. This results in delaying the
prrocesses that occur during the saturated discharge to a time period with Tow-
er decay heat. Consequently, the core mixture levels for each break case are
higher and the cove flooding tank (CFT) actuation is later than the orifice
model break cases. The overall system response is very similar for both anal-
yses, which indicates that the saturated leak flow mainly determines the long-
term responsa and the subcooled blowdown determines the timing, which in turn
determines the amount of core uncovering. The results of these studies show
that the overprediction of subcooled flow is conservative with respect to core

uncovering.
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Review of the data comparisons reported in the previous section shows that
orifices (low L/D breaks) will provide the maximum subcooled discharge rates;
this is illustrated on Figure B-4. Thus, for purposes of selecting a bect-
estimate subcooled model, it will be assumed that the break is an orifice. As
Ardon and Furness concludeds, orifice flows can be predicted by the Bernoulli
(orifice) equation with a discharge coefficient of 0.65. B&W's analysis of
the Sozzi and Sutherland data also indicated that the orifice equation, with a
discharge coefficient of 0.6, is suitable for predicting orifice flows.8
Hence, the orifice equation has been chosen as the best-estimate subcooled dis-
charge correlation. Since an overprediction of subcocled flow results in con-
servative analyses, anc there are some uncertainties in the break yeometry and
test datz, the selected multiplier for the best-estimate discharge model is
0.7. This is expected to predict the flow in good agreement with the test
data for orifices and yet be on the conservative side (overprediction) for
other break geometries.

2.3.2.  Saturated Discharge Model

2.3.2.1. Coumparison to Test Data

A literature review was performed to select the best-estimate saturated dis-
charge model; that review is summarized below.

D. G. Hall compared several critical flow models and tast data from semiscale
test $-02-4.% His subcooled discharge flow comparisons are discussed in sec-
tion 2.3.1.1. Figure B-11, which presents the ratio of thc measured mass flow
rate for the experiment to that predicted by various discharge correlations,
graphically summarizes Hall's results. Hall's comparison in Figure B-11 shows
that the homogeneous equilibrium model (HEM) predictions maintain a nearly con-
stant ratio of 0.84 with the data after about 7 seconds when the quality is
greater than about 0.02. None of the other models shown demonstrates a con-
stant relationship with the predicted data. Thus, it is concluded that the
other models do not predict the data trend.

Another comparison - by Ardon and Furness - of several models for two-phase
discharge is shown in Fiqure B-12.5 The two graphs, which are based on dif-
ferent stagnation (upstream) pressur:zs, present the flow rates predicted by
several correlations for various stagnation qualities. Included in the figure
are measured flows from various experiments. It should be noted that no
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substantial break geometry effect is shown, as was the case for subcooled
fluids. As shown by the figure, the Moody model, which is the two-phase dis-
charge correlation required by 10 CFR 50, Appendix K, for use in small-break
LOCA evaluations, generally overpredicts the data. The Henry-Fauske model ap-
pears to provide the best characterization of the data. The HEM model pre-
dicts lower mass fiuxes than all the other models examined. However, for
fluid qualities greater than 0.2, all the models except Moody predict the data

reasonably.

Suppleienting the data comparisons discussed above, Travis performed a theoret-
ical analysis cf the break geometry effects on two-phase flow.b Figure B-13
shows the caiculated discharge coefficient to be applied to the HEM, depending
on the break L/D. It is shown in the figure that test data points, including
vne Hall analysis of S-02-4 discussed above, substantiate the validity of the
Travis *hecre.ical analysis. As shown, while there is some break geometric ef-
fect to consider, it is less substantial than that discussed for subcooled

flow.

The analysis of LOFT experiment L3-6 provides further insight for development
of the best-estimate saturated flow model.ll The analysis utilized the HEM
for saturated discharge. Reasonable agreement was obtained with the measured
flow r:tes for the experimert.

In summary, several saturated discharge models could be chosen for best-esti-
mate leak flow predictions. The Henry-Fauske model and HEM, both of which
have been used for best-estimate LOFT predictions, appear as viable choices.
While break gecmetry effects must be considered, they are less significant
than that seen for subcooled discharge.

2.3.2.2. Basis for Seiecting Best-Estimate
Saturated Discharge Model

This section discusses the basis for selecting the best-estimate saturated dis-
charge model. Previous small break 2nalyses were reviewed to determine typi-
cal fluid conditions obtained during a small-break LOCA. Based on this re-
view, a discharge correlation was selected. Finally, break geometric effects
were evaluated and an appropriate discharge coefficient was chosen.
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During a small break transient, the primary system generally loses invertory
in three phases. Figure B-14, which presents the leak flow quality for a
0.07-ft2 break, illustrates the three periods.13 First there is a period of
subcooled discharge, which typically lasts around 100 seconds, during which
the primary system rapidly depressurizes to the saturation pressure of the hot
leg. After the primary system saturates, the inventory in the primary system
piping is lost more slowly through the break. During this period, which is
designated the "loop draining" period, the leak qualities are between approxi-
mately 0.3 and 0.7. After the primary system piping has drained, only steam,
plus any high-pressure injection into the broken pipe, is lost through the
break. Break qualities range from about 0.6 to 0.8 over this period, which is
designated the "boiling pot" node since inventory from the system is only lost
through boiling caused by removal of the core decay heat.

As described previously, both the HEM and Henry-Fauske models would be ex-
pec.ed to produce reasonable predictions of two-phase critical flow. The only
concern with the HEM was the fact that it underpredicted leak flows for quali-
ties less than 0.2. However, as discussed above, the leak qualities during a
small-break transient are greater than 0.2 throughout the two-phase discharge
period. Thus, the HEM would provide a reasonable prediction of the two-phase
discharge. In light of Hall's conclusion that the HEM would provide the pest
representation of the two-phase discharge for 5-02-4 (Figure 8-11)4, the theo-
retical development of a discharge coefficient for the HEM that accounts for
break n-.ometry effects (Figure B-13)6, and the reasonable prediction of LOFT
test L3-6 using the HEMLL, the HEM has been selected as the best-esiimate sat-
urated flow model.

Figure B-13 was used to determine the appropriate discharge coefficient to be
used with HEM. For the worst-case break analyzed in the small-break spectrum,
the expected smallest L/D for the break would be approximately one. From Fig-
ure B-13, this yields a discharge coefficient of 0.85. Use of the simallest
L/D, and hence the smallest discharge coefficient, results in the slowest de-
pressurization for a given break size, thereby delaying C°T actuation. This
will result in a conservative assessment of the small-break transient. Fur-
ther discussion of the conservatism on this approach is included in section 3.
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3. Best-Estimate/Evaluation Model Comparison

This section describes the analysis performed with the selected best-estimate
leak discharge model. The RC system response predicted using the selected
leak discharge model is compared to the response with the existing evaluation
model, The results of an additional analysis, which was performed to evaluate
sensitivity to the saturated discharge coefficient, are also discussed.

3.1. Break Cases Analyzed

As shown in Figure B-C, previous analysis of a spectrum of small break: at the
pump discharge for b'W 177-FA, lowered-loop plants showed that the 0.C7-ft2
break area was the worst-case break, with respect to core uncovering, using

the evaluation model. For this study it was desirec to analyze an equivalent
case with the best-estimate model. Since both the evaluation model and the
best-estimate leak discharge models use the orifice equation with different
discharge coefficients, the change in the subcooled blowdown is a simple fac-
tor. However, the two-phase model was changed from Moody, with a discharge co-
efficient of 1.0, to the HEM, with 0.85, and the effect of the change is not

as simple.

Previous studies (discussed in section 2.3.1.2) iave shown that for a given
two-phase discharge model and input break area, reducing the subcooled flow
improves system response with respect to core uncovering.l3,14 Thus, the
change with the orifice equation from a discharge coefficient of 1.0 to 0.7
would terd to improve results for a given break area, but the effect of the
twd-phase model change is not as clear. To assess the effect of the two-phase
change, it was decided to compare the results of a break case with the same
subcooled blowdown 2s the previous evaluation model worst-case break. This
input area would be 0.1 ft2 (0.1 x 0.7 = 0.07). Having the same subcooled
flow would allow a direct assessment of the effect of the two-phase model
change from Moody with a discharge coefficient of 1.0 to the HEM with a coef-
ficient of n.85.

It is interesting to note that an input area near 0.1 ftZ with the best-esti-
mate model is expected to be roughly =quivalent to the evaluation model worst-
case (0.07-ft2) break for two-phase discharge based on the following reason-
ing. Figure B-15 shows the ratio of the HEM to Moody predictions versus
pressure and quality. Since the fluid will be at pressuces of approximately
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1200 to 600 psi and qualities of approximately 0.3 to 0.8 for the two-phase
discharge, it can be seen from the figure th>t the HEM prediction w:ll be be-
tween 0.7 and (.9 times the Moody prediction. With thc discharge coefficient
of 0.85 for the HEM, to have the same two-phase discharge rate, on the aver-
age, as the previous worst-case break with the best-estimate model, the input
area should be between 0.12 and 0.092 ft2 (0.12 x 0.7 x 0.85 = 0.07 and 0.092
x 0.9 x 0.85 = 0.07; the 0.1 ft2 falls in the middle of this range. Thus, it
is expected that the best-estimate analysis, using an input area of 0.1 ftz,
will be very similai to the evaluation model 0.07 ft2 break case.

Another computer run was made to further verify that the present evaluation
model is conservative with respect to a best-estimate leak discharge model and
to evaluate the sensitivity of the results to a change in the saturated dis-
charge coefficient. The same size break was analyzed (0.1-ft2 input area) us-
ing a discharge coefficient of 0.8 with the HEM for saturatec flow. The re-
vised saturated discharge coefficient was to account for any uncertainty in
the test data and in broak geometry. The results of the analysis are dis-
cussed below.

3.2. Results

Figures B-16, B-17, and B-18 compare the integrated leak flow, pressure, and
core ncde mixture level calculations for the three cases analyzed: (1) 0.7-
£t2 input area with the evaluation model 1.0 orifice/1.0 Moody, (2) 0.1-ft2
input area with 0.7 orifice/0.85 HEM, and (2) 0.1-ftZ input area were the same
for the subcooled discharge, only the saturated portions of the transients are
different.

As expected, the differences in the caiculated system responses can be sepa-
rated into the three distinct periods mentioned in section 2.3.2.2.

The suncoolasd biowdown remained the same, as prearranged. As seen in Figure
B-16, during the period of lower quality, two-phase discharge ( 250 to 600
seconds) while the primary system 1cops drain, both cases with the HEM clearly
had lower integrated leak flow, hence lower discharge flow rates, than the
evaluation model; the 0.8 HEM had slightly lower flow rates than the 0.85 HEM.
As Figure B-17 shows, the result of the lower flow rates was slower depressuri-
zation because less mass and energy were released from the system at a given
time during the low quality period. During the final "boiling pot" period of
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nigher quality discharge, which began at between 600 and 700 seconds, the dis-
charge flow rates for both HEM runs exceeded that cf the cvaluation modei
case. This can be inferred from Figure B-16 by noting that the integrated
leak flow over this time period increases at a faster rate for the HEM case.
Because the discharge flow rates were higher during this high-quality period,
the energy and mass release rate was greater, and the system began to depres-
surize faster for the best-estimate cases. The system pressure (shown in Fiy-
ure B-17) for the 0.85 HEM case, actually "caught up" and fell below that ob-
tained with the evaluation model, while the 0.8 HEM case, which started from a
higher pressure, was approaching the evaluation model pressure but did not
quite intersect it.

The effect on the time of CFT actuation and the minimum core mixture level of
the different discharge flow rate: with the two HEM cases is summarized in
Table B-1 and illustrated in Figure B-18. With 0.85 HEM the system pressure
reached the CFT actuation point about 97 seconds earlier than with the evalua-
tion model (1.0 Moody). In addition, because of the "saving" of inventory dur-
ing the low-quality discharge period and the earlier actuation of the CFT, the
minimum core mixture level was 1.26 ft above that of the evaluation model
results. Changing to 0.8 HEM caused the CFT actuation to occur 130 seconds
later than the 0.85 HEM case, or 33 seconds later than the evaluation model
case. Even though the depressurization did not quit~ “catch up" with the eval-
uation model results, hecause of the saving of inventory during the low-
quality discharge, the minimu. core mixture level was still 0.78 ft higher

than with the evaluation model. Thus, even when a saturated discharge coef-
ficient of 0.8 is used in the best-estimate discharge model to account for the
low L/D possibie for the iargest small break, the evaluation model still cives
a more conservative prediction of the core mixture level.

3.3. Effect on Break Spectrum Cas<s

The results of the computer analysis for the worst-case break can be general-
ized to determine the effect of the best-estimate discharge model on other
cases in the break spectrum. As shown by the analysic the eftects of the
best-estimate discharge model! are to decrease leak flow during the loop drain-
ing period and to increase leak flow during the boiling p-t mode of the tran-
sient. The 3ltered leak flows caused an extension of the loop draining por-
tion of the transient and an increased depressurization rate during the
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boiling pot period of the transient. The effect of these altered leak flows
on other break sizes is evaluated below. The evaluation is divided into two
segments: breaks smaller and larger than the worst case. As in the preceding
secticn, the discussion below is based on the effective subcooled break area,
i.e., accounting for the suucooled discharge coefficient of 0.7 in th2 best-
estimate model.

For breaks with smaller effective areas than the worst-cass break, i.e., <0.07
ft2, the effect of the best-cstimate discharge model will be to improve the
minimum core mixture level that would be obtained. To help illustrate this,
Figures B-19 and B-20, which present the transient system pressure and inner
vessel mixture heights obtained with the evaluation model for the 0.055- and
0.04-ft2 breaks will be used. Also shown in the figures is the expected tran-
sient for an effective break area of 0.055 ftZ (actual area 0.0786 ftZ) with
the best-estimate discharge model. The basis for this curve is described
below.

As described above, the best-estimate discharge model results in a lonyer peri-
o¢ of loop draining due to the decreased leak flow. This results in the high-
e~ system pressure and the delay in the start of the depressurization, which
occurs during the boiling pot mode of the transient, as is shown in Figure

B-19 for the 0.055-ft2 best-estimate case. As shown in Figure B-2C, the loss
of the vessel mixture level, which occurs during the boiling pot mode, is de-
layed accordingly.

During the boiling pot period of the transient, as shown in Figure E-19, the
system depressurizes faster ( 10% faster) with t!: best-estimate model. Thus,
the time from the end of the loop draining period to CFT actuation is reduced.
This minimizes the loss of vessel inventory during this period (as shown in
Figure B-20) for the best-estimate analysis. Hence, it is clear that use of
the best-estimate model for effective break sizes smaller than 0.07 ft2 will
result in improved core mixture levels relative to those obtain>” with the
evaiuation model.

The impact of the best-estimate discharge model on breaks with effective areas
larger than 0.07 rt2 has also been evaluated. Figures B-21 and B-22 show the
system pressure and inner vessel mixture heights, respectively, for the 0.1-
and 0.085-ft2 breaks with the evaluation model. The expected transiert
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parameters for an effective break area of 0.1 ft2 (actual area 0.143 ftz) with
the best-estimate discharge model are also included on the figures.

As previously discussed ard shown in Figures B-21 and B-22, the best-estimate
case, when compared to the evaluaticn model results for the 0.1-ftZ break,
will have a higher system pressure, a delay in the start of the boiling pot
mode depressurization, and a delay in the loss of vessel inventory that occurs
during the boiling pot mode. During the boiling pot mode of the transient,
the best-estimate case will have a more rapid depressurization relative to the
evaluation model case. However, because of the higher system pressure at the
end of the loop draining period for the best-estimate case, it is not clear
whether the time interval from the end of loop draining to CFT actuation will
be dccreased or increased by the hest-estimate model. Obviously, if this time
interval is decreased, the 1oss of vessel inventory during the period would be
decreased and the best-estimate case would yield higher minimum vessel mixture
heights relative to the evaluation model. However, if this time imerval is
increased, lower minimum vessel mixture heights would be obtained by use of
the best-estimate model. Figures B-21 and B-22 show the effect of an in-
creased time period. Obviously, the time interval from the end of the loop
draining period to CFT actuation for the best-estimate case is boundec by the
next smallest break size analyzed in the evaluatinn model spectrum. There-
fore, the loss of inventory that would occur over this period with the best-
estimate model is also bounded by the next smallest break in the spectrun anal-
ysis. Hence, for breaks greater than the worst-case break, while it cannot be
concluded with ut further computer analysis that the use of the best-estimate
discharge model will result in improved conseqguences relative to the cvalua-
tion model, it is clear that the effect of using a best-estimate discharge
model is bounded within the spectrum approach used in small-break '.0CA evalu-
ations.
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Table B-1. Flow Rates Vs Time of CFT Actuation and
Minimum Core Mixture Level

~FT actu- Minimum
ation time, core mixture
Case seconds level, ft
0.07 ft2 1.0 orifice/1.0 Moody 1494.,7 11.20
0.1 ft2 0.7 ¢-ifice/0.85 HEM 1397.8 12.46
0.1 ft2 0.7 orifice/0.8 HEM 1527.8 11.98
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Figure B-1. Comparison of Mass Flow Ratios Calculated Using
Two Critical Flow Models and the Bernoulli Mass
Flux Exprassion (Tree-NUREG-1006)
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Figure B-2. Comparison of Critical Pressures Calculated Using
rive Critical Models With Measured
Throat Pressures (Tree-NUREG-1006)
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Figure B-3.

Ratios of Measured Break Mass Flow Rates to Critical Mass Flow Rates
Calculated Using Five Critical Flow Models (Tree-NUREG-1006)
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Mixture Height Vs Time for 177-FA lowered-Loop Break Spectrum at RC

Pump Discharge Using Orifice Equation for Subcooled Discharge
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Mixture Height Vs Tiwme for 177-FA Lowered-Loop Break Spectrum at RC
Pump Discharge Using Modified Zaloudek Subcooled Discharge Model
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Figure B-11. Ratios of Measured Break Mass Flow Rates to Critical Mass Flow Rates
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APPENDIX C

Surge Line Modeling — Task 18
of NUREG-0565 Program
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1. Introduction

Pressurizer behavior played a key role in influencing operator actions in the
TMI-2 accident. In particular, the insurge of fiuid to the pressurizer led to
incorrect operator diagnosis of system irventory J3ecause of this, the NRC
Staff concluded that it was appropriate to re-examine the analytical modeling
of the pressurizer and the surge line to dctermine if predicted behavior for
other similar accidents would represent realistic behavior, and if it could be
used by the operators for accident diagnostics. In particular, the Staff con-
cerns focused on pressurizer and surge line .nodeling. This appendix addresses
the concern on surge line modeling.

The B&W SOLOCA evaluation model represents the surge line connecting the hot
leq to the pressurizer by a single flow path simulating a simple pipe. The
flow is allowed in oniy one direction and is determined frum the momentum equa-
tion; a critical flow check is performed. Hence, the present evaiuation mode1
does nct account for countercurrent flow in the surge line shouid conditions
predict its occurrence.

1f countercurrent flow could be established in the surge line, ine pressurizer
liquid would drain while the hot leg steam flowed into the pressurizer. Fail-
ure to account for this countercurrent flow would not allow adequate pressur-
izer draining and, hence, lead to incori2ctly predicted level pehavior and
liquid inventory distribution. As a result of this, in NUREG-0565, Section
4.1.1.1, paragraph 3, a concern is raised that the representation of the surge
line could affect draining of the pressurizer and that a flooding check to the
surge line should be added.

This appendix presen*s a discussion of the surge line response during varicus
postulated small break scenarios and addresses whether adding a flooding check
to the B&W surge line is necessary.

2. Summary

Ir order to assess the need for adding a flooding check to the surge line, a
review of tne surga line response during the following small break scen2~i0s
was made:

1. Small breaks that depressurize the reactor coolant system (RCS).
2. Small breaks that rcpres.urize the RCS.
3. Pressurizer breaks.

C-2 Babcock & Wilcox



The report demonstrates that, based ori the geometry of the BEZW pressurizer
surge line, countercurrent flow within the surge 1ine cannot exist to any sig-
nificant degree. Consequently, the flow in the B&W pressurizer surge Tine
will be in ealy one direction and the present modeling of the surge line by a
single path is adequate. Thus, there is no need to add a flooding check in

the model.

3, Small Break Phenomena and Surge
Line P2sponse for LOCA Scenarios

A loss-of -coolant accident (LOCA) is a transient in which liquid inventory is
lost from the RCS. This results in system depressurization and may result in
a partial or complete draining of the pressurizer. The response of the pri-
mary system to a small break will differ greatly depending on the break size,
its location in the system, operation of the reactor ccolant pumps, the number
of ECCS trains functioning, and the availability of secondary side cooling.
The extert to which the prescurize- will drain depends on surge line geometry,
and fluid conditions in the pressurizer and hot leg, along with the factors

described above.

The orientation of the B&W pressurizer in relation to the reactor coolant
piping is shown in Figure C-1. Starting from the connection at the hot leq,
the surge line is initially horizontal, and then drops vertically down, be-
comes horizontal again, and then rises vertically up to the pressurizer. With
liquid Tevel in the reactor coolant piping and no leak from the pressurizer,
the “evel relationship between the pressurizer and the reactor coolant piping
is Py = Pp + h (Figure C-1).

In order for countercurrent flow to exist within the surge line, certain
conditions are necessary. The typical B&W curge line arrangement compared
with the rising surge line arrangenr it from the hot leg to the pressurizer is
shown in Figure C-2. With a surge line that is horizontal or rising from the
hot leg to the pressurizer, it is possible under certain circumstances, to
have countercurrent flow of steam a~d liquid where steam will rise toward the
pressurizer and 1iquid will drain into the hot leg. This is not possible when
either a water trap exists in the surge line or some portion of the surge line
drops below the horizontal. As shown in Figure C-3, with a surge line that is
continuously rising to the pressurizer, any steam that enters the surge line
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will flow into the pressurizer. Otherwise, it would have to flec. Jownward to
return to the hot leg. In configurations containing a water trap and/or drop-
ping section to the surge line, phase separation and stratification of two-
phase flow tends to drive steam back into the hot leg; otherwise, the steam
will have to t avel downward to enter the pressurizer, which is not possibl-~.

In order *o assess the need for adding a 7'yoding check to the B&W surge line,
a review of the surge line response and the phenomena that occurs within the
surge line during tne following sivall break scenarios was made:

1. Small breaks *hat depressurize tie RCS.
7. Small breaks that repressurize the RCS.
3. Pressurizer breaks.

3.1. Small Breaks That Depressurize RCS

A characteristic of LOCAs is system depressurization »nd partial or complete
draining of the pressurizer. Because the RCS is initially subcooled and non-
compressible, even a sme1l loss of fluid through a break acts to depressurize
the system. As the system depressurizes for this class of breaks, t'.e pres-
sure gradient across the surge line will quickly become quite large (Pp = Py -
h, shown in Figure C-1). This will cause the pressurizer to drain regardless
of the surge line geometry The only way to stop this process is “or the pri-
mary locp volume depletion to stop or for the pressurizer to empty. It is ob-
served that the latter is always *he c2se for the breaks analyzed previously.

.n order for <lip or countarcurrent flow of steam and liquid to exist, the
liquid will have to drain into the hot leg and the steam will have to rise to
the pressurizer. A driving gradient to force slip or countercurrent flow,
along with the path for steam tc travel upward, is required for slip or
countercurrent flow to exist within the surge line. The B&W surge line is
initiilly horizontal from the connection at the hot leg and then drops verti-
cally down. Therefore, in the B&W surge line the steam would have to travel
downward to enter the pressurizer. Since this is not po.sible, countercurrent
flow cannot exist in the B&W surge line during the pressurizer draining.

While the pressurizer is draining it is possible that a loralized, insignifi-
cant amount of countercurrent flow can exist in the vertical section of the
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surge line at the pressurizer. This is because the :team in this section of
the surge line :an travel upward while the liquid is draining to the hot leg.
The consequences of this localized countercurrent flow within the surge line
is expected to be insignificant and short lived. Once the pressurizer is
empty and/or a water crap is formed on *he hot leg side of the surge line,
this localized countercurrent flow wi'l stop.

Therefore, it car be concluded that for this class of breaks, there will be no
appreciable countercurrent flow in the B&W surge line. The flow will be *n
only one direct ion and the present modeling of the surge line by a single flow
path is adequate; thus, there is no need to add a flooding check to the B&W

surge line.

3.2. Bre-ks That Repressurize RCS

In this category of breaks, the transient begins in a manner similar to those
breaks that depressurize the RCS. That is, the RCS will depressurize and this
will result in the partial draining of the pressurizer. For this class of
breaks, a sianificant portion of the cooling. and hence, depressurization is
accomplished oy natural circulation. An interruption in the natural circula-
tion can result in the repressurization of the RCS. During the repressuriza-
tion the pressurizer will be refilled. Enough coolant will be forced back
into the pressurizer to balance its pressure against that in the loop. Repres-
~rization will continue until the RCS depletcs sufficiently to allow the di-
rect condensation of steam within the steam generator. This initiates the
boiler-condenser mde of heat transfer which causes the system to depressurize
and start emptying the pressurizer.

While the RCS is depressurizing, partial draining of the pressurizer will oc-
cur. As explained in section 3.1, during pressurizer draining countercurrent
flow within the surge line cannot exist to any significant degree because of
the B&W surge line geomet:y.

Due to the interruption in the natural circulation and temnorary repressuriza-
tion of tie RCS, the refilling of the pressurizer wiil occur because the RCS
wi.]l be at a higher pressure than the pressurizer. If slip or countercurrent
flow occurred within the surge line, only liguid would be forced into the pres-
surizer and the steam would return to the hot leg. As shown in Figure C-1,

for the steam to flow from the pressurizer to the hot 1.5 during refiiling of
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the pressurizer it will have to travel downward. As this is not possible, the
flow will be in only one directiun during the refilling of the pressurizer.

Slip or countercurrent flow within the hot leg side horizontal section of the
surge line may occur. This would force only liquid into the pressurizer,
which may siightly alter the course of the transient. Since it would require
more liquid in the pressurizer to maintain the pressure balance across the
surge line, a more rapid depletion of the primary side would occur. This
would result in earlier initiation of direct steam condensation in the steam
generator and less sy:.tem repressurization. This in turn means that more high
pressure injection flow would be available and the overall leak flow would be
reduced due to less time at higher pressure. As the additional liquid trapped
in the pressurizer will not be lost and will return t~ the RCS during the sub-
sequent depressurization phase, not allowing slip or countercurrent flow with-
in this portion of the surge line is conservative.

Based on the above discussion, it can be concluded that the sli, or countercur-
rent flow within the B&W surge line would only be localized and insignificant.
Hence, the oresent technique of modeling the surge line by a single flow path
with flow in only one direction is adequate. Therefore, there is no need to
add a flooding check to the surge line.

3.3. Pressurizer Breaks

With rega~d to core cooling, a break in the hot leg or pressurizer is funcamen-
taily less severe than the one at the lower elevation in the ~ystem. This is
because the brear at the lower elevation (e.g., cold leg) maximizes the poten-
tial of losing ECCS water and also maximizes the amourt of RCS inventory
sitting above the break location that can be lost through the break.

Although the break in the pressurizer may be less severe, it does cause some
changes in the svstem benavior, particularly in the pressurizer itself. There-
fore, it is felt that it is necessary that surge Tine respons~ for this break
also be analyzed. During the pressurizer break, the pressurizer loses mass

and depressurizes. I this depressurization is faster than the RCS, the most
likely situation, a pressure gradient, will develop across the surge line tha.
will force liquid into the pressurizer. In the case of the pressurizer initi-
ally venting steam, the level in the pressurizer will rise is the steam space
is gradually replaced with the liquid from the RCS.
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Juring the filling of the pressurizer, 1iquid and/or two-phase flow will enler
the surje line. As explained in section 3.2, the coolant will be basically
flowing in onl; one direction with insignificant localized countercurrent flow
because of the typical B&W surge line geometry.

Once the Lot legs are completely drained and/or a water trap is formed on the
pressurizer side of the surge line, direct venting of steam through the surge
line to the pressurizer will take place. This is because the elevation head
of the liquid caught ir the water trap is relatively small and a slight in-
crease in the pressure gradient across the surge iine is sufficient to force
steam through the water trap (Figure C-4).

As the steam is vented through the pressurizer, localized countercurrent flow
in the surg. line may result in some liquid drainage from the pressurizer.
However, as this Tiquid accumulates in the surge line, a ioup seal would “orm
in the vertical section of the surge line near the hot leg. This would stop
the steam venting and the localized countercurrent flow. As a result, the RCS
would repressurize slightly in order to clear the locp seal and re-establish
steam venting through the pressurizer.

Thus, for this class of breaks, it is concludzd that the overall flow (i.e.,
two-phase or steam) in the surge line will be in only one direction with insig-
nificant localized countercurrent flow. Therefore, the current modeling tech-
nique of the surge line is adequate and there is no need to add a fleading
chect to the surge line.

4, Conclusions

The following conclusions can be drawn from this appendix:

1. Because of tne typical B&W surge line geometry, slip or countercurrent
flow within the surge iine is expected to be only a localized effect.

2. A #stailed review of the phenomena occurring within the surge line during
the various small break scenarios was periormed and demonstrates that the
overall filow will be basically in only one direction within the B&W surge
line.

3. Since no appreciable countercurrent flow is expected, the present techni-
que of modeling the surge line is adequate and there is n. need for code
modification to add a flooding check to the surge line.
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Figure C-1. Typical B&W Surge Line Arrangem.nt
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Figure C-2. Typical B&W Surge Line Arrangement
Along With Rising Surge Line From
Hot Leg to the Pressurizer
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Figure C-3. Effect of Steam/Liquid Stratification and
Slip in Different Surge Line Decigns
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Figure C-4. B&W Surge Line With Watertrap
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APPENDIX D

Evaluation and Justification of the
B&W ECCS Tnjection Model
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1. Introduction

In Section 4.1.1.1 of NUREG-0565! (item 8), the NRC questisned the adequacy of
the emergency core cooling system (ECCS) injection modeling used in small-
break LOCA (SBLOCA) evaluations. Specifically in question is the core flood-
ing tank (CFT) injection model and its effect on system response. Current ven-
dor ECCS analysis codes utilize a thermodynamic equilibrium assumption in cal-
culating the effect of ‘~jecting subcooled CFT water into a control volume.
Staff evaluations? indicate that, under certain rconditions, using the equil-
ibrium assumption may lead to gross distortion in the overall system response
and nonconservative results.

This repart provides a justification of the B&W CFT injection model. Since
the CRAFT23 code also utilizes the thermodynamic eq' 1ibrium assumption within
control volumes, previous ECCS analyses have been reviewed. It is the conclu-
sion of this report that, because the B&W ECCS evaluation model utilizes injec-
tion into the lower dowrcomer region, the injection of CFT water does not re-
sult in a gross system disturbance.

A summary of the report and the conclusions drawn is ircluded in section 2.

An outline of the problem background and a further development of the NRC con-
cern are provided in section 3. Section 4 provides a qualitative evaluation
of the various parameters that affect the system response when CFT water is
injected. The specific characteristics of the CFT injection model used in the
B&W ECCS evaluation model are given in section 5. This section also provides
the results of previous ECCS evaluations performed using the B&. model.

2. Summary and Conclusions

In NUREG-0565, the NRC questioned the adequacy of the ECCS injection modeling
used in SBLOCA evaluations. Review of the tasis for the NRC concern shows
that the ECCS injection location used in SBLOCA evaluations can result in a
gross system pressure disturbance after CFT actuation that is not seen in LOFT
small-break vxperiments. By examining the controlling state variables, it is
seen that the controi volume fluid content has a significant impact on the re-
cultant system depressurization caused by CFT actuztion. Previous B&W small-
break transient evaluations were reviewed to determine whether they exhibit
the gross system disturbance of concern.
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The review of the previous SBLOCA aralyses showed that the downcomer liquid
volume remains high throuchout the transient. As a result of this high liquic
content, the use of the thermodynamic equilibrium assumption does not illus-
trot2 the gross system disturbance of concern. The system depressurization
characteristics predicted by the analyses are not significantly altered by the
CFT injectior. Thus, it was found that the ECCS injection modeling employed
in the B&W evaluation model provides an adequate repre.entation of the actual
pheromena and sy.cem response that occurs following CFT injection.

3. Background

In NUREG-0565 “he NRC quest?oned the adequacy of the thermodynamic eculibrium
assumption, used within control volumes in the B&W CRAFT2 code, during CFT in-
jection. As a result of iLhe thermodynamic equilibrium assumption, if steam is
present at the injection point used in the model, the temperature of the sub-
cooled ECC water is raised by instantareously condesing steam and thereby
causing a local depressurization. The amount of local depressurization that
occurs is highly dependent on the injection location, the size of the control
volume, and its steam/water composition. Of concern i< the effect «f this
local depressurization on the overall system response.

To evaluate this concern, EG&G has performed studies? for the NRC wherein the
sensitivity of the nrimary system pressure response to the 7CC injection loca-
tion was examined. Tne results of these studies are shown in Figures D-1 and
D-2, which have bpeen taken directly from NUREG-0623.7 Three injection points
were studied: the cold ieg, upper demcomer, and lower downcomer. Figure D-1
shows the effect of injection location on the primary system prescure tran-
sient. As can be seen from the figure, a considerable change in the system de-
pressurization ra*e occurred after initiation of the CFTs, for the cold leg
and upper downcomer injection points, while nu alteration in the depress'riza-
vion rate is seen for the lower downcomer injecticn case. The resultant in-
jected mass that occurs for the various depressurizations is illustrated on
Figure D-2. As is evident from the figure, the gross disturbance in the sys-
tem pressure response, caused by CFT injection into the cold leg and upper
downcomer locations, results in a large mass ~.uition to the primary system.
This in turn has a dominating effect on core mixture lev21, which directly ef-
fects the peak cladding temperature. In light of tne calculated sensitivity
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of system response to the injection location, experimental data must be ex-
amined to deternine whether the calculated response is real or a byproduct of
the thermodynamic equilibrium assumption.

Further insight to the effect of CFT injection on the primary system response
can be obtained by evamining small break test data obtained »t the LOFT facil-
1ty.4 Figure D-3 shows the system pressure transient for LOFT test L3-15,
which was a simulated 4-incn cold leg break. As is evideni from the figure,
while there was a slight increase in the depressurization rate following accum-
ulator (CFT) inje<tion into the cold leg, no gross alteration in the system de-
pressurization rate occurred. This is in marked contrast to the calculated
system depressurization caused by accumulator injection into the cold lea seen
in Figure D-1.

Based on the computer evaluations anu the LOFT test data, the N°C has ques-
tioned the adequacy of the thermodynamic equilibrium assumption used to caicu-
late how the system response is affected by cFT injection. The computer eval-
uations that have been performed show that the equilibrium assumption can

cause a gross alteration of the system depressurization following CFT actua-
tion and which, in turn, can rest1t in injection of a substantial amount of

CFT liquid and a rapid core reco ery. As illustrated by the LOFT test (Figure
D-2), such a prediction is not realistic and would yield a non-conservative as-
sessment of the transient ~onsequences. Thus, the NRC has requested addition-
o1 justification of the present CFT injection models.

4, ECC Injection Variables

The B&W CRAFT2 code uses a control volume representation wherein all fluid
within the contral volume is assumed to be in thermodynamic equilibrium. As a
result of this assumption, when the subcooled ECCS water is injected into a
control volume containing steam, the equilibrium model will result in an in-
stantaneous condensation of steam as the ECC fluid is raised to saturated con-
ditions. The subsequent response of the primary system to this instantaneous
condensation is affected by several variables. As noted previously, thc cal-
culated system pressure response following CFT injection is dependent on the
injection location. In order to aid in understanding the sensitivity analyses
disc.ssed in the previous section and the results obtained with the B&W ECCS
evaluation model6:7 (which are discussed in the next section), a qualitative
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assessment of the important variables affecting the system response following
CFT injection is prouvided below.

4.1. Control Volume Fluid Content

As previously described, injection of subcvoled ECC liquid into a control vol-
ume that has some steam content will result in a local depressurization. The
amount of depressurization that occurs depends on the control volume fluid con-
tent at the time of CFT injection. As illustrated below, CFT in,ection into a
node containing a significant mass of liquid dampens the effect of the steam
condensation, thereby ensuring a relat‘vely stable system respaonse.

To illustrate this effect, consider the two control volume configurations
(prior to CFT injection) shown in Fiqure -4, In one case (A), it is assumed
tnat there is no liquid content in the node, i.e., steam-filled node, just
prior to CFT actuation. In the second case (B), the node is 2ssumed to be
approximately three-quarters full cf liquid prior to CFT acutation. Assuming
a control volume size of 750 ft3, which is the approximate size of the lower
downcomer region in a B&W 177-FA plant, and a system pressure of 600 psia,
which is the approximate CFT actuation pressure, the pre-CFT injection nodal
conditions shown in Fiqure D-4 are obtained. Using one second of CFT injec-
tion at 100 1b/s, which is a typical average ..jection flow from the CFT for a
smali break transient, the post-CFT condi:iions shown in Figure [-4 are ob-
tained. As can be seen, the node pressure decreased by 30 psi due to the of-
fect of the cold CFT injection into the steam-fille  node, while in the case
¢f the thre .quarter-filled node, the !ucal depreisurization was dampened to
only 6 psi. Thus, it is seen that the liquid content at the injection point
has a significant impact on the local depressurization that occurs after CFT
actuation.

4.2. Control Volume Size

The control volume size can also affect the amount of local depressurization
that can occur following CFT actuation. Obviously, iT the control volume is
small, the impact of any cold ECC injection would be more pronounced since the
resultant change in the nodal mass ard energy content of the control volume
would be larger. Thus, it is expected that to minimize any gross dic.ortion
.n the overail system respcise, the ECC injection volume should be as large as
practicablz for the transient evaluation.
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To examine the influence of control volume size on local depressurization,
several simplified calculations were performed using the same assumptions dis-
cussed in section 4.2 except that node size and liquid/vapor content were
varied. Table D-1 is a summary of the cases analyzed and the resultant system
pressure following CFT actuation.

As can be seen from the table, while the depressurization which oczurs is som>-
wat sensitive 1o node size, the control volume fluid content is the more sen-
sitive parameter. For the initially steam-filled control volumes (cases 1
through 3), varying the control velume size from 375 to 1500 ft3 results in
final system pressures of 540 to 585 psia, respecti=2ly. For the cases where

a liquid content was assumed (cases 4 through 7), variation of the control vol-
ume size from 375 to 1500 £t3 resulted in a final pressure state that varies
only from 587 to 597 psia.

Based on the evaluaticns described apove, it is concluded that the control vol-
ume size should be as iarge as practicable in order te minimize the potential
for gross distortion cf the system response due to CFT actuation. However, if
the control volume is assured of having a significant liquid content, control
volume size is a second-order effect. Thus, other modeling considerations,
such as ensuring adequate nodal detail for the model, can be used to def ine

the control volume size.

4.3. Injection Location

Depending nn the selection of control volume size and the fluid content, the
ECC injection location can impact prediction of the system response following
CFT actuation. The sensitivity studies discussed in section 3 illustrate the
potential effect of this parameter. The subsequent paragraph relates the re-
sults of the sensitivity analyses (discussed in section 3) to the qualitative
analyses provided above concerning control volume fluid content and size of-
fects on the resultant system pressure.

In the sensitivity studies, three ECC injection points were studied: the coid
leg. upper downcomer, and lower downcomer. As seen in Figure D-1, the cold

leg and upper downcomer injection cases exhibited a large system depressuriza-
tion following CFT actuation, while the system pressure response for the lower
downcomer injection case was not al*ared by CFT injection. These differing re-
sponses are primarily a result of the different contro! volume fluid contents
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and sizes at each injection location. At the time of CFT actuation, the ma-
jority of the primary system inventory would have heen lost through the break
with the remaining liguid inventory residing primarily in the lower regions of
the reactor vessel. Thus, at the time of CFT actuation, the cold leg and up-
per downcomer regions of the system are expected to contain only steam. As a
resu't of tYe CFT actuation, portions of the steam within the contrcl volume
are condensed, causing a system depressurization. This phenomenon was shown
ir the studies performed in section 4.1. For the lower downcomer injection
case, a significant amount of ‘iquid resides within the control volume. As a
result of the large liquid fraction, and as shown in the studies in sections
4.1 and 4.2, CFT actuation had little effect on system pressure response.

As described above, the ECC injection location used in the model can influence
the over:ll system re:ponss foliowing CFT actuation. In order to ensure that
CFT injectien does not .ause gross distortion of the system response, the in-
jection location must be chosen to ensure that a significant liquid content
will exis” in the volume at the time of CFT actuation. In the BEW evaluation
model the Tower downcomer valume is used as the CFT injection point. The
adequacy of this choice is discusscd in section 5.

5. B&W System Features and Evaluation Model Results

Sections 1-4 provided background to the NRC concern on ECC ini>ction modeling
and the important variables affecting system response after CFT injection.
This section describes the B&W system design features related to the concern,
along with the techniques used in the B&W evaluation model. Also presented
are small-break LOCA results obtained with the evaluation model. As will be
seen, the evaluation model results exhibit stable system pressure response to
CFT actuation. Thus, the evaluation model does not produce the system re-
sponse of concern, and the wdeling techniques utilized are adequate.

5.1. BR&W System Features

The B&W-designed NSS employs direct CFT injection into the reactor vessel down-
comer, as opposed to the cold leg injection emploved in other PWR designs. In
addition, the B&W system has RV internals vent valves, which provide & direct
communication path between the upper plenum and downcomer regions of the ves-
sel. The communication path provided by the vent valves ensures essentially
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equal downcomer and upper plenum pressures during a small break transient. As
a result of this pressure equivalence, the water levels in the downcomer and
the core are maintained at similar values. Since the core is generally calcu-
lated to remain covered throughout a small-break trarsient in a BAW plant, a
significant liquid inventory is maintained in the downcomer. Thu:, CFT actua-
tion is not expected tc cause significant depressurization.

5.2, Evaiuation Model Results

Figure D-5 is a typical noding diagram used in previous small-break evalua-
tions. As can be seen, the downcomer reaion is modeled in two axial nodes
separated at the inlet nozzles. To preclude potential problems of CFT injec-
tion into a steam-filled region, the CFT is modeled as injecting into the
lower downcomer region (node 1). This reaion generally maintains a signifi-
cant liquid inventory throughout a small-break trancient, minimizing the po-
tential for gress system distortion due to CFT injectior.

Previous small brea. transient evaluations have been reviewed to determine the
adequacy of the ECC injection modeling.8-10 Figures D-6 through D-9 present
the system pressure rezponses for a spectrum of small breaks far the 177-FA
1owered-100p plants.8 Similar results were obtained in other plant evalua-
tions.9:10 As can be seen from these figures, system pressure response to CFT
actuation was stable; i.e., it did not exhibit the gross disturbance of con-
cern. Examining the influence of CFT actuation on the core mixture level re-
sponse (Figures D-10 through D-13), it is seen that while some oscillatory mix-
ture level behaviar occurs after CFT actuation, these oscillations are small
(generally less than 0.2 ft) and exhibit a slow, steady recovery of the core
mixture level.

As a result of the review of previous evaluations, it is clear that the B&W
evaluation model does not exhibit the gross system disturbance of concern.
Because the wodeling approach employs direct CFT injestion into the reactor
vessel downcomer, the large 'iguid volume in this region "dampens” the depres-
surization effect of CFT injection, thereby ensuring a stable system pressure
transient. Thus, it is concluded that the ECC injectici moaeling used in the
B&W evaluation model provides an adequate representation of the actual phenom-
ena and system response that occur following CFT injection.
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Table D-1.

1 Liquid/

Vo s steam,

f:?e vol %
375 0/100
750 0/100
1500 0/100
750 75/25
1500 75/25
1500 37.5/62.5
375 75/25

Cuntrol Volume Size Study

Initial mass, Resultant
1b liquid/ pressure,
steam psia

0/487 540
0/974 570
0/1948 585
27,943/244 594
55,887/487 597
27,943/1218 595
13,672/122 587
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Figure D-4.
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CRAFT2 Noding Diagram for Small Breaks
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APPENDIX E

Noding Sensitivity Studies for
177-FA Lowered-Locp Plants
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1. Introduction

On October 31, 1980, the Nuclear 2egulatory Commission (NRC) issuec NUREG-
0737, "Clarification of TMI Action Plan Requirements.” Included in the regu-
lation is the requirement for an industry review of NUREG-0565 and NUREG-0623
and the development of a program addressing the NRC concerns therein. Three
of the concerns re steam generator performance, the effects of local flashing
in the reactor vessel (RV) upper head, end loss of nat:ral circulation due to
void formation in the hot legs. For a muce detailed discussion of the con-
cerns reer *o section 5.5. This appendix addresses these three concerns
through a re-analysis of the 0.01-ft2 cold ley prap discharge (CLPD) breek.l
This re-analysis includes noding sensitivity studies performed using the re-
sised SBLOCA steam generator model (section 5), the RV upper head (section 6),
and the hot leg (section 7). The results of all these studies exhibited ade-
quate convergence, and the conclusions are stated in section 8.

2. Summary

In response to the NRC concerns raised in NUREG-0737, the B&W SBLOCA evalua-
tion model was reviewed, and various models were modified and upgraded. Among
the upgrades was the development of the new SBLOCA steam generator (SG) model.
The new model includas more detailed and mechanistic heat transfer correla-
tions along with provisions for more realistic auxiliary feedwater (AFW) model-
ing. This model is discussed in detail in the CRAFT2 topical report.z

Noding sensitivity studies were performed with the SG model to determine a con-
verged SG noding scheme. These studies produced an SG noding arrangement con-
sisting of six axial and two radial regions. This configuration allows all
significant phenomena to be exhibited.

Sensitivity studies werc also conducted in the regions of the hot leg and RV
upper head. These evaluations addressed the concerns regarding the effects of
loss of natural circulation in the hot legs and local flashing in the RV upper
head. To resolve the issues, the noding for the hot legs and RV upper head
was subdivided into a more detailed arrangement. The results of the detailed
RV upper head noding study showed convergence with the base case model. The
detailed hot leg noding study results exhibited the basic phenomena, but the
magnitude of the response was altered.
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Based on these noding studies, it was concluded that the revised SBLOCA evalua-
tion model should comprise an SG model of six axial and two radial regions, a
two-node hot leg model, and a one-node representation of the RV upper head and
upper plenum combination.

3. Previous 0.01-ft2 CLPD
SBLNCA Analysis

The evaluations described herein are a re-analysis of the previous 0.01-ft2
CLPD SBLOCA analysis.! ihus, it is considered necessary to discuss this tran-
sient briefly as analyzed with the previous SBLOCA e aluation model. The
0.01-ftZ break was selected as a representative size in that the high-pressure
injection (HPI) and break flow cooling combination is insufficient to balance
decay heat energy production. Therefore, SG performance is important in this
transient for energy removal. As natural circulation is lost, SG heat trans-
fer is lost, and system repressurization should occur until a condensation
surface is established on the primary side of the SG tubes. This condensation
surface will re-establish heat transfer, and depressurization wiil occur, al-
rowing for long-term cooling. Figure £-1 is the noding diagram for this anal-
ysis. Table E-1 lists the pertinent sequence of events for this previous anal-
ysis.

The reactor coolant system (RCS) depressurizes rapidly over the first 100 sec-
onds to a saturation pressure of about 1400 psia (Figure E-2). At this point,
steam formation in the hot leg and upper plenum slows the rate of depressuriza-
tion.

As a result of excessive SG heat transfer, RCS depres.urization continues un-
til about 650 seconds, when natural circulation ceases as the hot leg level
continues to decrease. The loss of SG heat removal causes the primary system
pressure to begin increasing. At 1500 seconds, the maximum system pressure is
reached ( 1750 psia) and begins to decrease slowly because steam condensation
by the SG is established. This additional energy removi. results in a decreas-
ing RCS pressure transient. The hot 1.g mixture heights are shown in Figure
E-3. As can be seen in the fiqgure, natural circulation is lost at agproximate-
ly 340 seccerds in the intact loop and at approximately 650 seconds ir the

broken loop.
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4. 0.01-ft2 CLPD SBLOCA Analysis Using the
New SBLUGCA Evaluation Model

The SG mcdel in the former SBLOCA evaluation model usud a simplistic heat
transfer correlation relying solely on the primary-to-secondary liquid temper-
ature d.fference. The previous SG model calculated a heat transfer coeffi-
cient based on ini.ial conditions. The new model alters the heat transfer
coefficient during the transient based on fluid conditions, AT, and boiling
lengths. Thus, the prediction of the magnitude of the initial depressuriza-
tion througr subcooled blowdown has been altered. The new SG model with re-
duced overall heat *ransfer depressurizes to 1500 psia, corresponding to a
higher saturation temperature *han in the previous analysis, which depressur-
ized to 1400 psia. Furthermore, the orevious SC mndel had suffiCient heat
transfer to allow the system to continue depressurizing due to a 1:rger cold
driving head. This allowed for greater and longer circulation flows. With
its more mechanistic heat transfer correlation, the new SG model exhibited
less heat transfer, which essentially stopred depressurization after the ini-
tial blowcown. A representation of the noding arrangement is provided in Fig-
ure E-4 with the transient response comparisons shown in Figure E-5 through
F-10. A listing of the sequence of events is given in Table E-2.

As the system reached saturation, the energy produced was balanced by the en-
ergy removed, and the pressure response remained essentially steady at 1520
psia through 350 seconds. As the transient continues, more inventory is lost
through t' - break, which causes a reduction in _he hot leg level and reduced
two-phase flow into the SG. Con.equently, RV steam relief is maintained
through the internals vent valves, which saturates the upper downcomer, there-
by supplying saturated fluid to the break node with condensation in the coid
legs ensuing. This sequence of events allows for system depressurization to
occur at 375 seconds. However, as SG heat transfer decreases, this depressuri-
zation is short-lived due to an overall imbalance in energy removal versus
energy production. This imbalance quickly changes the pressure response to an
upward trend, which continues to 440 seconds.

At 420 seconds, steam in the upper downcomer mixture region separates and cold
leg condensation terminates. Now, RV steam relief is increased tn the hot
legs, which causes an increase in the two-phase circulation through the °G.
SG heat transfer is thus increased as steam in the two-phase {iow condenses in
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the SG. Energy removal has now heen increased above the amount of energy pro-
duced, and a depressurization results at 440 seconds. By 530 seconds, the en-
ergy terms have again balanced, causing a steady svstem rressure at 1500 psia.

In the time frame from 500 to 550 seconds, enough system inventory has been
lTost to disrupt natural circulation and saturate the break node. These events
produce a decrease in energy removal, thus increasing system pressure. By 630
seconds, the decrease in break flow due to saturated conditions in the break
node has caused a hot ley level swell, which returns two-phase circulation to
the SG. With the return of SG heat transfer, a depressurization occurs until
670 seconds. By thi: time, however, the system liquid inventory is not suffi-
cient tH maintain the necessary hot leg level, and the circulation pattern is
again lost and the depressurizstion is stopped. System pressure remains
steady at 1470 psia as the energy terms are once again balanced. The main con-
tributors to the energy removal term are steam relief out the break and ECCS
flow, with a n.nor contribution by SG heat transfer. (During the next 3 tran-
sient minutes, intermittent two-phase circulation exists, allowing for enough
SG heat transfer to aid in the system energy balances.)

At 940 seconds, the intermittent two-phase circulation is lost, and at 950
seconds the secondary side level setpoint (50% on the operating range) is
reached, and AFW is turned off. The SGs are now completely lost as a means of
heat removal, and the energy balance is upset, causing a continuous increase
in the system pressure response. This is similar to the previous analysis
where the loss of natural circulation caused a repressurization at 650 sec-
onds. This repressurization was allowed to continue until the level in the SG
primary side dropped to expose a condensation surface at approximately 1500
secnnds, At this time, AFW was injected, and the expected result of primary
side steam condensation was established, which brought about an abrupt end to
the repressurization, enabling the system to be put into a long-term cooling
mode .

As discussed, the basic difference between the former and current 0.01-ft2

CLPD SBLOCA transient analyses involves SG behavior. However, the overall con-
cern of system repressurization due to loss of natural circulation is indead
exhibited by both SG models. The repressurization phenomenon has thus been
shown with the new SBLOCA SG mode’.
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5. Steam Generator Noding Studies

Included in NUREG-0737 is an NRC concern questioning the adequacy of the pre-
vious SG mode! used in the B&W SBLOCA evaluation moael. Of specific concern
were the heat transfer correlation and the effects of AFW on ihe transient re-
sponse. In response to this concern, B&W has developed a more mechanistic SG
model with miltiple heat transfer correlations anu more realistic AFW interac-
tion based on more physical characteristics. Sensitivity studies were per-
formed to determine the noding arrangement re uired to exhibit the various
transient phenonena of interest. Included among these are forced convection
heat transfer during circulation, loss of heat transfer d -ing loss of natural
circulation, condensation heat transter at the time the condensaticn surface
is established, and the effects of AFW heat transfer throughout the transient.

To study the effects of AFW on 5G response, two models were developed, both
comprising four axial regions but differing in that the models had one and two
radial regions, respectively. A 0.01-ft2 CLPD SBLOCA transient was run to 600
seconds and the result:  evaluated. Figure E-11 is a pressure comparison of
the two models. As illustrated, the two models exhibited similar characteris-
tics and events. Therefore, the choice of one versus two radial regions was
based on the effects expected much later in the irarsient, particularly the ef-
fects AFW should have cn syst>m pressure as a condensation surface is estab-
lished in the primary side SG tubes. It was deemed more realistic to mode
two radial regions to better predict the effects of AFW during this particular
transient phenomenon,

The next step was to determine the number of axial nodes necessary to model
adequate SG heat transfer performance. An SG model was constructed consisting
cf eight axial and two radial regions. This model allowed for the maximum SG
detail considering the total number of RCS control volumes and flow paths per-
mitted by the CRAFT2 code.

This detailed SG model was then used to analyze the 0.01-ft2 break and was com-
pared to the SG model containing four axial and two radial regions. Figure
E-12 compares RCS pressure responses for the two models. Of particular impor-
tance is the rapid initial depressurization shown in the 4/2 SG model. It was
detarmiied that the four-axial-region model was inadeg.ate in conservatively
predicting SG heat transfer performance compared to the model with eight axial
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regions. Consequently, the increased SG heat transfer (four axial regions)
caused faster depressurization, which allowed for larger surge line flows.

This evertually resulted in a pressurizer steam outsurge into a still sub-
cooled hot leg, causing further divergence of Jepressurization. For this
reason, the four-axial/two-radial region SG mode’® was determined to be non-con-
servative and was eliminated from consideration as an appropriate model.

Based on the previous information, an SG model with six axial and two radial
regions was developed. The noding diagram for this model is shown in Figure
£E-4. This model was believed to have sufficient detail to show convergence
with the more detailed eight-axial-region modei. The same 0.01-ft2 preak tran-
sient was run with the six-axial-node model and compared with the eight-node
model. Fioures E-13, 14, and E-15 illustrate the comparisons. The two
models show adequate convergence. through 900 seconds where the dominant SG
performance is convective heat transfer. The remaining phenomena include (0ss
of circulation and condensatior. heat transfer. The SG model with six axial
and two radial regions was used to evaluate these additiona2! phenomena. The
snalysis was continued to 1550 seconds and the results accounted for the ex-
pected phenomena. Therefore, it is -oncluded that the 6/2 SG model exhibits
the phenomena of concern, and it is recommended for use in the SBLOCA evalua-

tion model.

6. RV Upper Plenum-lpper Head
Noding Studies

The upper plenum and upper head regions of the reactor vessel were modeled in
various ways to show that the effects of any local flashing are adequately sim-
ulated. Since flashing of the hottest liquid in the system at any time con-
trols system pressure during depressurization, this flashing and its effects
01 the system must be adequately modeled. Each control volume is assumed to
be in thermal equilibrium, and thus its fluid properties are representec by
average fluid properties. As an evample, if the enti-e RV was modeled as one
control volume, it would be represented by average properties even though the
liquid in the lower plenum might be subcooled and that in the upper plenum
might be saturated. The model must be detailed enough to account for any "hot
spots," which could cause flashing.

E-7
Babcock & Wilcox



In the base model, tre upper nlenum ard upper head regions of the vessel were
modeled as one control volume as shown in Figure ©-4., In the detailed upper
plenum model, Figure E-16, the upper plenum ard upper head regions were
modeled :sing four control volumes: one to r¢_.resent the upper plenum region
inside th= plenum cylinder, one to represert the upper head region of the ves-
sel, and two to represent the outer annulus region between the core support
shield and the plenum cylinder. The third model of the upper plenum/upper
head region used five nodes to represent the region. This model is identical
to the detailed upper plenum mode! except for the detailed upper head region
(rigure E-17). The upper head region is modeled with two contrcl volumes to
provide the detail necessary to allow possible additional fiashing.

A small break loss-of-coolant accident (SBLOCA) was simulated using both of
.he detailed upper plenum/upper head monz1s. The break size for the simula-
tion was 0.01 ft2, The transient was simulated for 350 seconds, and predic-
tions from each model were compar.. It can te seen from Figure E-18 that the
predicted system pressure response is basically i-2 same for both models. The
predicted liquid levels fo~ the upper plenum (Figure E-19) are also the same
for both models.

After reviewing the predictions by each of the detailed upper plenum/upper
head models, it became obvious that there were no significant differences
between the four- and five-node upper plenum/upper head models. At 350 sec-
onds into the transient, the top node of the detailed upper plenum/upper head
(five-node) model has drained completely, and thus, this model was essentially
+he same as the four-node detailed upper plenum/upper head model.

The SBLOCA transient was simulated to 525 seconds using the four-node detailed
upper plenum model. Predictions from the detailed four-node upper plenum

mode] were then compired to predictions made by the single-node upper plenum
base model. From Figure E-20 it can be seen that the predicted system pressure
from the detailed upper plenum model is approximately 10 psi higher than that
predicted by the base model. The models predicted essentially the same vent
valve flow (Figure E-21). The predicted level responses of the hot ieg are
very similar for both models, as shown in Figure £E-22.

The detailed upper plenum model showed only slight changes in the magnitude of
the predicted system response when compared to the single-node upper plenum
model. These models predicted identical events with slight changes in event
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timing. Therefore, it was concluded that the base model was adequate to mode
the upper regions of the RV.

7. Hot Leg Nuding Studies

Energy is normally removed from the reactor core of a PWR by maintaining flow
through the primary system. Natural circulation is the predominate mode of
flow in the primary system during a SBLOCA. The inverted U-bends in the hot
legs, the high points in the RCS, are most susceptible to steam void forma-
tion. As fluid is 1ost out the break, the liquid level in the hot legs de-
creases. If the level decreases sufficiently, the riser section of Lhe in-
verted U-bend may void sufficiently to interrupt natural circulétion. To en-
sure that the SBLOCA model (as presented in section 4) adequately predicts the
loss and re-establishment of circulation, a more detailed hot leg model was
developed.

In the SBLOCA base model, the hot legs are modeled with one control volume as
shown in Figure E-4., The detailed hot 1ec model uses four control volumes as

shown in Figure E-23. The added detail is intended to provide a more precise

prediction of the loss of natural circulation in the system during a SBLOCA.

Using the detailed hot lea model, the 0.01-ft2 CLPD SBLOCA transient was re-
analyzed through the first 800 seccnds of the transient. A description of
even.s for the SBLOCA base model is provided in section 4. A comparison of
event timing as predicted by each model is p-ovided in Table E-3 and Figure
£-24 is an i)lustration of th2 pressure comparison for each model. Other
comparisons are provided in Figures E-25 through E-28. The major differences
are discussad below.

The initial blowdown period of the transient remains unaltered as expected.
Through 200 seconds there is insufficient steam formation to cause any differ-
ences in flow patterns or energy removal. By 200 seconds steam voidinrg in the
detailed hot legs begins to decrease flow to the SG as compared to the hase
case. This decrease in flow causes a decrease in SG neat transfer, which re-
sults in a rise in the system pressure.

By 335 seconds the liquid level in the RV has decreased to the internals vent
valves elevation, thereby introducing higner quality fluil into the upper down -
comer region. As the upper downcomer saturates, quality fluid is passed to
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the break nule. This series of events allows for steam condensation in the

~1d 1ea that increases the enerqy removal term and levels the system pres-
cold leq d - 3

cure. However, the steam relief through the vent valves causes a decrease 1"
two-phase flow in the hot legs that results in less SG heat transfer and a

re increase at 3.0 seconds. This series of events 1S the same scenario

the base case from 275 to 420 seconds. Due to tne effect

1. the sequence timing has becn altered somewhat

me, steam bubbles formed in the saturated upper down-
of the mixture region causing an end to steam con-
his. in turr, forces an increase in two-phase
ich causes an increase in hot leg
yonse is a decrease in pressure as shown at
oray production and removal terms have bal-

Thie

- balance was achieved in the base

the recovery of na 1 circula-

+ +

he base ca At approx-
loops of the detailed

this loss of circula-

that both models exhibit

led model showed a differ-
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8. Conclusions

The detailad noding studies described herein have shown adequate convergence
for the transients analyzed. The results of these studies have demonstrated
that increasir  spatial detail results in consistent transient response pre-
dictions, even though there are some differences regarding event timing and
magnitude. The models with less detail have generally shown adequate conver-
gence anc are recommended. Therefore, R&W's SBLOCA evaluation model will con-
sist of an SG containing six axial and two radial ragions, a one-node hot leg,
and an RV upper plenum/upper head combination represented by one control vol-

ume. This configuration is illustrated 1n Figure E-4.
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Table E-1. Sequence of Events for Previous

SBLOCA Analysis

Event sequence

Time,
seconds

Break occurs (0.01 ft2 at pump discharge)

Reactor trip, turbine trip, RC pump coast-
down

Main feedwater coastdown ends

AFW flow to both SGs begins

Hot leg voiding begins

HPI begins

Loss of natural circulation in intact loop
Loss of natural circulation in broken loop
Maximum repressurization ( 1750 psia) reached

E-11

0
50

65
90
170
190
340
650
1500
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Sequence of Events for Upgraded
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Figure E-1. CRAFT2 Noding Diagram for Small Breaks Used
in Previous SBLOCA Evaluation Model
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Figure E-5. Pressurizer Pressure, Base Model
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Figure E-7.

Vent Valve Quality, Base Model
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Figure E-11. Comparison of 4/1 Model to 4/2 Model,
Pressurizer Pressure
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PRESSURE psi

Figure E-13. Comparison of 8/2 Model to 6/2 Model,
Pressurizer Pressure
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Figure E-15. Comparison of 8/
Hot Lea Mixture Level

2 Model to 6/2 Model, Intact Loop
(Node 14)
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Leak Flow Rate

Figure E-27.
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APPTNDIX F

Noding Sensitivity Studies for
177-FA Raised-Loop Plants
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1. Introduction

As a result of the Small-Break LOCA Methods Progrem developed to address the
requirements of NUREG-0737, Section I1.K.3.30, significant code modifications
and revisions were made to the existing SBLOCA evaluation model. Included in
these modifications were a noneguilibrium pressurizer, a two-phase pump, and
new upgraded mechanistic steam generator models. Because of these significant
modifications and revisions of the existing evaluation model, it was necessary
to perform several noding sensitivity studies to develop the base noding
scheme that demonstrated convergence with respect to spatial detail.

A generic noding sensitivity study was performed for the 177-FA lowered- and
raised-loop plants to develop a converged steam generator model.l For this
study, a break (0.01 ft2 at pump discharge) that relied on the steam generator
for RCS depressurization was analyzed. The spatial detail for modeling the
steam generator was increased to the Code capacity to assess the impact of ad-
ditional spatial detail on the transient response. Based on this study, the
steam generator model that adequately accounted for all the phenomena was
chosen as the appropriate model.

In order to ensure that the effects of local flashing were accounted for, a
noding sensitivity study of the reactor vessel upper plenum and upper head was
performed. This study was also performed on a generic basis for 177-FA low-
ered- and raised-loop plants, using the converged SG model. A converged mode
was developed for the upper head and upper plenum by evaluating the results of
various degrees of spatial detail in these regions.

Finally, a noding study was conducted for the hot leg to ensure that its spa-
tial detail is sufficient to model any interruption in natural circulation
flow caused by formation of a steam pocket in the top of the inverted U-bend
in the hot legs. Because of the significant differences in geometry and ele-
vation of the hot ieg in the raised-l1oop versus the lowered-loop plants, sepa-
rate hot leg noding studies were performed for the two types of loop arrange-
ments.

This appendix describes the noding sensitivity studies perfcrmed for the
177-FA raised-loop plant (Davis-Besse 1), to achieve the converged base model.
The model description for this analysis is provided in section 3. The actual
studies performed are discussed in section 4,
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2. Summary

This appendix describes the noding sensitivity studies performed for the 177-
FA raised-loop plants to develop the revised base model. It is demonstrated
here that the revised base model adequately accounts for the phenomena during
small-break transients. It is also concluded that the results predicted by
this revised model for a 0.01-ftZ break at the pump discharge are essentially
the same as those calculated by the former evaluation model.

3, Model Description

The upgraded CRAFT2 codel was used to calculate the reactor coolant (RC) sys-
tem hydrodynamics during a small-break transient. Comparisons are provided
for this analysis with results obtained using the evaluation model described
in the 1979 report on the 177-FA raised-loop plant small-break analysis.3 The
general philosophy used to generate the revised base model is the same as that
utilized in the generic 177-FA lowered-loop plant small-break analysis re-
ported in a letter from J. H. Taylor to S. A. Varga.? The actual geometry of
the model reflects the raised-loop arrangement. The noding diagram of the
former cvaluation model for Davis-Besse 1 is shown in Figure F-1. The revi-
sions and modifications made to the base model to obtain the revised base nod-
ing scheme for the 177-FA raised-loop plant (shown in Figure F-2) are de-
scribed below. The bases for thesc revisions are provided in section 4.

1. The existing sing'e-node pressurizer model was replaced by the new non-
equilibrium model1Z developed during the Small-Break LOCA Methods Program.

2. The new two-phase pump mode1? was used instead of the existing mode! to
adequately account for the degradation of pump head and hydrualic torque
during two-phase operation.

3. The former simplistic steam generator model was replaced by a new mechan-
istic model.2 The new steam generator mode! was developed in response to
the NRC's concern regarding the ability of the existing computer code to
“correctly predict the various modes of natural circulation and the inter-
ruption of natural circulation, if it occurs."®
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The revised steam generator noding scheme comprises six axial levels and two
radial regions for the primary side with six axial levels for the secondary
side. The two radial regions represant 10 and 90% of the total number of
tubes in the steam generzior. This scheme models the auxiliary feedwater
(AFW) spray more realistically.

The revised converged noding scheme of the CRAFTZ computer model uses 5€ nodes
to similate the RC system, 14 nodes for the secondary system, and one node fcr
the reactor building. These control volumes are connected by 78 flow paths.
The revised base noding scheme shown in Figure F-2 was used for the hot leg
noding study for the 177-FA raised-loop plants.

4, Noding Sensitivity Studies

As mentioned earlier, significant code modifications and revisions ~f the
former evaluation model were made during the Small-Break LOCA Methods Program
to address the reauirements of NUREG-0737, Section I1.K.3.30. Therefore, it
was necessary tc perform noding sensitivity studies to develop a base noding
scheme that can adequately account for all the phenomena during small-break
LOCA transients. Since the raised- and lowered-loop plants have essentially
_he same full-power levels and basically similar size and geometry of compo-
nents, it is possible to perform the noding sensitivity studies on a generic
basis, except for the hot leg. Consequently, the steam generator and upper
head and upper plenum noding sensitivity studies were performed using the
lowered-1oop nodel. These studies are summarized briefly below.

Steam generator noding studies were performed by selecting a break (0.01 ft2
at the pump discharge) that relies on steam generator heat removal for RC sys-
tem depressurization. Four models with varying details in axial and radial re-
gions of the steam generator model were used to evaluate the impact of addi-
tional spatial detail on the transient response. Based on th.s study, the
steam generator model that aaequately accounted for all the phenomena was
chosen as the base model for the steam generator. This model consists of six
axial and two radial regions for the primary side and six axial levels for the
secondary side of the steam generator. The radial regions represent 10 and
90% of the total number of tubes in the steam generator. The 10% region is
used to account for direct cooling affects of the AFW spray.
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To ensure that the effects of local flashing were accounted for, noding sensi-
tivity studies of the reactor vessel upper head and upper plenum were per-
formed. These studies were performed only on lowered-loop plants since the
reactor vessels are essentially identical for lowered- and raised-loop plants.
These studies were conducted using the detailed steam generator model de-
scribed above. Three models with varying spatial detail in the upper head and
upper plenum regions were analyzed. By evaluating these results, it was demon-
strated that the existing model is capable of predicting the small break tran-
sient response with no additional spatial detail. The det:iled analyses and
the actual computer runs of these studie: are discussed in detail in reference
1;

4.1. 0.01-ft2 Break at Pump Discharge With
Former and Revised Models

Based or the studies above, the base noding scheme for the raised-locp plants
was developed. This model is described in section 3, and the noding diagram
is shown on Figure F-2. To permit comparison of the former and the revised
models, the 0.01-ftZ break at the pump discharge was us¢i. The 0.C1-ft2 break
case was run with the revised base model for 177-FA raised-loop plantc. key
events during the transient with the former and revised models are compared in
Table F-1.

The hot leg pressure transient for the former and the revised models are shown
in Figure F-1. In both cases, the RC system depressurized rapidly to approxi-
mately 1400 psia. At this time, flashing in the hot legs and the upper plenum
of the reactor vessel caused the system to repressurize due to a loss of natu-
ral circulation (see Figure F-5). Betweern 200 and 700 seconds into the tran-
sient, the RC system repressurized in both cases with some iitermittent depres-
surization due to mrmentary re-establishment of natural circulation. Around
700 seconds, the system depressurized as natural circulation was re-estab-
lished for a significant period of time. The depressurization in both cases
stopped at approximately 800 seconds.

The basic transient rsponse predictcd by the revised model is essentially the
same as that predicted by the former model. In the early nart of the tran-
sient, the revised model predicts slightly higher pressure. 1nis is due to
the shorter main feedwater coastdown in the revised model by approximately 20
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seconds (see Table F-1) and to a new mechanistic sceam generator model. The
significant difference between the two models is after 700 seconds of the
transient. In the former model, the system depressurizes to approximateiy
1100 psia. This is due to re-establishment of natural circulation in both
Toops for approximately 150 seconds with the intact loop sustaining circula-
tion for approximately 600 seconds. On the other hand, the system only de-
pressurizes to approximately 1400 psia with the revised model because this
re-establishment of natural cirzulation lasts for only about 50 seconds. This
difference between the two cases is primarily due to the pressurizer and steam
generator models. In the former model, a single-node equilibrium pressurizer
and a simplistic steam generator model are utilized. During the transient,
the surge line goes through oscillations of insurges and outsurges. Because
of these oscillations in the surge line with the exit =levation 3 feet above
the bottom of the pressurizer, the net effect on the system is that the Tower
quality fluid enters into the pressurizer and the higher quality fluid comes
back o the hot leg. As a result, the intact hot leg has a significantly
larger quantity of bubbles. Consequently, the mixture level in the hot leg is
above the natural circulation point, as shown in Figure F-5. Hence, natural
circulation is sustained for the longer period of time. Continuous circula-
tion brings more bubbles to the hot legs from the core, which in turn sustains
the mixture height above the natural circulation points. This results in de-
pressurizing the system to a much lower value.

In the revised model, a nonequilibrium pressurizer is used, along with a mech-
anistic steam generator model. The nonequilibrium pressurizer model produces
considerably fewer oscillations of insurges and outsurges. In addition to
this, the exit elevation of the prussurizer is 1 foot above the bottom of the
pressurizer. As a result, there is no significant increase in the bubbles in
the intact hot leq loop with the revised model. Hence, the mixture leve!
stays below the natural circulation point (see Figure F-5) and consequently,
the system does not depressurize to the value calculated by the former model
(see Figure F-4).

Based on ths discussion above, it can be concluded that the results calculated
by the revised model are essentially the same up to the loss of natural circu-
lation in both loops. The differences in the latter part of the transients
are due to the upgraded CRAFT2 computer models, which are more realistic ap-
proximations than the ones used in the former model. The next step is to
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perform the hot leg noding sensitivity study to ensure that the hot leg in-
cludes sufficient spatial detail to model the interruption in natural circu-
lation.

4.2. Hot Leg Neding Studies

Because of the significant differences in the geometry and the elevationc of
the nut legs in the raised- versus lowered-loop plants, a seperate hot leg nod-
ing study was performed specifically for the raised-loop plants. For this
study, the revised base model described in section 4.1 was used. The break
case analyzed was again the 0.01-ftZ break at the pump discharge. The basic
objective of this study was to demonstrate that the additional detail in the
hot i1eq would not significantly alter the transient or the timing of the inter-
ruption and re-establishment of matural circulation. To achieve this goal, a
detailed four-node niot leg mode] was developed. The control volumes in the

hot legs were connected by dual flow paths to allow for the countercurrent
flows. The Wilson bubble rise model was used for these additional nodes in

the hot leqs. The detailed hot leg model used in this study is shown in Fig-
ure F-3.

The 0.01-ftZ break at pump discharge was rerun with the detailed hot leg
model. Key events during the transient for the single-sode and four-node hot
legs are compared in Table F-2.

The hot leg pressure transient for the single-node and four-node hot leg
mod=1s is shown in Figure F-4. In both cases, the RCS depressurized rapidiy
to approximately 1450 psia. From there on, the RCS essentially repressurizes
in both cases. The repressurization is basically due to the interruption in
natural circulation (see Figure F-5). The basic transient calculated by the
four-node hot leq model is essentially the same as calculated by the single-
node hot leq model. The slight differences etween the two transients are ex-
plained below.

In the single-node hot leg model, the bubbles travel through the entire hot
legs at the Wilson bubble rise model velocity. The bubbles escape near the
top of the level. On the other hand, in the four-node hot leg model the
bubble: are being carried by the flow paths in addition to the Wilson bubble
rise velocity. This can be visualized by the sketch on the following page.
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It should ¢iso be realized that the single-node hot leg model has a consider-
ably larger volume than the top node in the fcur-node hot leg model. Hence,
the mixture level in the four-node model will te more sensitive to the bubble
mass than that of the single-node nodel.

During the initial RCS depre:surization, the entire hot leg will be saturated
at the same time in the single-node hot leg model, while only the top node
will be saturated first in the detailed hot leg model. As a result, the mix-
ture level in the four-node hot leg model will start dropping earlier and
faster as the bubbles escape with none being transported to the top node.

This rrocess will concinue until the lower nodes are saturated and the bubbles
are carried to the top node. The use of dual flow paths in the four-node hot
leg model will allow the bubbles to be transportad to the top of the candy
cane. Consequently, the mixture level in the detaiied hot leg model is ex-
pected to drop slowly thereafter. Hence, the first interruption in natural
circulation with the four-node model will occur later than in the siigle-node
model. Once the interruption in natural circulation has occurred, the mixture
level in the detailed hot leg model is expected to drop faster because the
level is more sensitive in the detailed hot ley thaxn in the single-node model.
This is because the single-node hot leg model has a considerably larger vo lume
than the top node in the four-noce model. Hence, the mixture level in the de-
tailed hot leg model will be more sensitive to the bubble mass than -hat in
the single-node hot leg model.
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The discussion above explains the difference between the two transients. The
results calculated by the four-node model are not expected to make a signifi-
cant impact in terms of the overall transient. The four-node hot leg nodel
case was analyzed up to 600 seconds since, after this time the RCS is basical-
ly stagnant and the steam and liquid have been distributed accordingly. Since
the basic trancients are essentially similar up to this point and they are not
expected to diverge during the latter part of the transient, the detailed hot
leg model was not run further.

Bazed on this study, it was concluded that the single-node hot leg model ade-
quately accounts for the interruption in natural circulation. Hence, there is
no need to add more spatial detail in the hot legs. In addition to this, the
results obtained bytke single-node hot leg model a:2 expected to be slightly
conservative. This is because the overall system resoonse calculated by the
single-nnde model is higher in pressure than the detailed hot leg model pre-
dictions. Consequently, the system with the single-node hot leqg model will
discharge more inventory through the break and there will be less HPI flow
than for the detailed model. Therefore, the revised base model for 177-FA
raised-loop plants will use a single-node hot leg model.

5. Conclusions

The noding sensitivity studies for the 177-FA raised-loop plants has been com-
pleted, and the results discussed in this report demonstrate that the revised
noding scheme shown in Figure F-2 adequately accounts for all the phenomena
during small break transients. It can also be concluded that the revised nod-
ing scheme essentially calculates the same results that were calculated by the
former evaluation model for a 0.01-ftZ break at the pump discharge. The
slight difference between the two results is due to the upgraded models, which
are more realistic approximations than those used in previous analyses.
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~uble F-1. Comparison of Key Events in Former and New Models

Sequence of events

Rupture (0.01 ftZ at RC pump discharge)
Reactor trip, turbine trip

Pump ccastdown occurs

Main feedwater coastdown ends
Auxiliary feedwater starts

HPI begins

Natural circulation lost

Maximum repressurization reached

Time, secunds

Cormer model

Revised model

Table F-2. Comparizon of Key ivents in Single-Node
and Four-node Hot Leg Models

Sequence of events

Rupture (0.01 ftZ at RC pump discharge)
Reactor trip, turbine trip

Pump coastdown occurs

Main feedwater coastdown ends
Auxiliary feedwater starts

HPI begins

Natural circulation lost

Maximum repressurization reached

0.0 0.0
50 46.4
52 51
80 60

200 86.4
1585 225
500 490
700 680
Time, seconds
Single-node Four-node
_hot Tegs hot legs
0.0 0.0
46.4 46.3
51 51.3
60 60
86.4 86.3
225 230
490 510
680 (a)

(a)The four-node hot leg model case was run only up to 600 seconds.
Based on these results, this event is expected to be delayed by
50-100 seconds with the four-node hot leg model.
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Figure F-1.

CRAFT2 Noding Diagram, O1d Bas> Model for Davis-Besse 1
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Figure F-2.

CRAFT2 Noding Diagram,

Revised Base Model for Davis-Besse 1
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Figure F-3.
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JPPENDIX C

B&W's Natural Circulation Test Prediction
of Semiscale Test S-NC-2
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ABSTRACT

As part of the Small-Break LOCA Methods Program, the CRAFT2 computer code was
benchmarked against the Semiscale natural circulation test S-NC-2 to demon-
strate the analytical capability of the upgraded CRAFTZ code in tracking the
various modes of natural circulation observed during a small-break LOCA. The
results of the analysis show that the upgraded CRAFT2 code was capabie of pre-
dicting the various modes of natural circulatiorn reasonably well,
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1. Introduction

In NUREG-0565, Section 4,1.1.1, paragraph 1, the NRC Staff questioned the
ability of existing computer models to “correctly predict the various modes of
natural circulation and the interruption of natura® circulation, if it oc-
curs.” This concern has been addressed as part of the Small-Break LOCA Meth-
ods Program. This appendix describec the results of the post-test prediciton
of the Semiscale Mod-2A natural circulation test S-NC-2. In response to the
NRC questions, the CRAFTZ code was upgraded, particularly the steam generator
model. This post-test analysis of test S-NC-2 was used to bechmark the capa-
bility of the upgraded CRAFT2 code to track the various modes of natural cir-
culation observed during a small break.

Test S-NC-2 was a baseline natural circulation test involving one loop of the
Mod-2A system. Three modes of natural circulation were observed during this
experiment: single-phase, two-phase, and the reflux condenser mode. A charac-
teristic of this test was that the predominant variable during the test was

the liquid mass inventory of the system. As the liquid mass inventory was
varied and the various modes of natural circulation were established, the
1oop-flow rates changed considerably.

Section 3 describes the Semiscale test facility Mcd-2A and natural circulation
test S-NC-2. The CRAFT2 modeling techniques and the assumptions used in pre-
dicting the test are discussed is section 4. The comparison of Lhe test date
to the CRAFT2 predictions is discussed in detail in section 5.

2. Summary and Conclusions

During this analysis only the single- and two-phase natural circulation modes
were predicted. The reflux condenser mode of natural circulation was not con-
sidered here since the relevant phencmenon was not applicable to a B&W NSS.

Tne single- and two-phase modes of natural circulation were obtained by drain-
ing discrete amounts of liquid out of the reactor vessel lower plenum, allow-
ing sufficient time for steady-state conditions to be achieved between drains.
The overall loop natural circulation mass flow rate varied considerably depend-
ing on system mass inventory. The variation in loop mass flow rate with inven-
tory was a result of the transition from single-phase to two-phase natural
circulation.
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Initially, the draining simply lowered the vessel liquid level to the top of
the hot leg with no significant voiding in the loop. Consequentiy, there was
little change in loop mass flow rate. Further drainina caused the loop mass
flow rate to increase sharpiy and eventually peak. This increase in flow was
caused by increased voiding in the upflow portion of the steam generator,
which increased the overall loop density gradient. The peak in flow occurred
as stoam bubbles in the upflow side eventually spilled over into tne downf 1ow
side of the steam generator, causing a reduction in overall loop density gra-
dient botween the upflow and downflow sides in the steam generator.

The results of the post-test predictions of test 5-NC-2 show that the CRAFT2
computer code compared reasonably well with the data. CRAFT2 predicted the
sam gereral trends as were found in the test. For most of the data points,
the results calculated by CRAFT2 were within the uncertainties of the measure-
ment<. This analysis demonstrates *hat the upgraded CRAFT?2 code is capable of
predicting the single- and two-phase natural circulation modes observed during
the smali-break LOCA transient.

3. Semiscale Test Facility

3.1. The Mod-2" System

The Semiscale Mod-2A system is part of the NRC's Water Reactor Safety Research
effort. The Mod-2A system is a small-scale mocel of a four-loop, U-tube steam
qererating PWR plant (Figure G-1). All of the major components of a PWR are
found in the system. The intact loop simulates the three intact loops of a
PWR. The broken loop models the single loop in which the break occurs. The
Jessel contains a full-length, electrically heated core and a full-length up-
per head and upper plenum. The relative elevations of all the major compo-
nents are maintained. To overcom: the ambient heat loss problem, the Mod-2A
system is equiped with external heaters to minimize net heating or cooling of
the fluid.

3.2. S-NC-2 System Configuration and Test

Test S-NC-2 was a baseline natural circulation test involving one loop of the
Mod-2A system as shown in Figure G-2. The broken loop and vessel upper head
were removed and replaced with end caps. The intact loop pump was replaced
with a spoolpiece scaled to the equivalent hydraulic resistance of a pump in
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the locked-rotor conditior. Initial conditions were established using the
core as a heat source and the steam generator as a heat sink. Note that the
pressurizer was valved into the system only until the initial steady-state con-
ditions were achieved. When steady state was reached, the preszurizer was
valved out of the system for the remainder of the transient. Throughout the
test, the steam generatnr secondary pressure was maintained constant using a
continuous feed-and-bleed process.

Test S-NC-2 measured three different nodes of natural circulation and the tran-
sition between them that resulted from varying the system mass irventorv., The
three modes of naturai circulation observed were the single- and two-phase and
the reflux mode. The predominant variable during the test was the liquid mass
inventory of tne system. As the liquid inventory was varied and the various
modes of natural circulation were established, tne loop flow rates changed con-
siderably. To induce the various modes of natural circulation, discrete
amounts of liquid were drained from the bottom of the RV lower plenum in 1% to
2% steps. After each step, the system was allowed enough time to stabilize
before the next period of draining was started.

The test results can best be demonstrated using Figure G-12, "Mass Flow Rate
Vs Percent Mass Inventory." The results of the test show that for liquid mass
inventories down to roughly 94%, the system performance was similar to that
for the single-phase values. Initial draining simply lowered the RV liquid
level to the top of the hot leg with no significant voiding in the loop. Fur-
tier draining caused the loop mass flow rate to increase charply and eventual-
1y peak for inventories between 86 and 91%. This increase in flow rate was
caused by increased voiding in the upflow portion of the steam generator,
which resuited in a higher overali loop density gradient. The peak ‘n the
flow rate occurred as steam bubbles in the upflow side eventually spilled over
into *he Jownflow side of the steam generator, causing a reduction in overall
loop density gradient. Decreasing the system inventory further resulted in a
continuous two-phase flow with decreasing mass flow rate.

4. The CRAFT2 Semiscale Model

4.1, CRAFT2 Code, Version 26.0

The CRAFT2 program was developed to study the transient behavior of a nuclear
steam system undergoiny a loss-of -coolant accident (LOCA).® The program
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solves the mass and energy conservation equations, the continuity equation,
and the equation of state for water.

The "RAFT2 program permits the user to select the nodal representation that
oroduces the best finite differencing of the fluid system to be analyzed. The
program then sclves the conservaiion equations for each node and the momentum
equation for each flow path between nodec. CRAFT2 utilizes explicit solution
techniques to analyze the transients. The nuclear steam system is simulated
by a node and flow path representation. Components with different thermal-
hydraulic characteristics must be simulated as different nodes.

CRAFT2 contains flexible models of all major nuclear steam system components.
Various options as well as user input parameters cnable the progrzm to mode!
the reactor core, RC pumps, steam generaters, and connecting piping in any con-
figuration and operation mede desired. The diversity of the models alsn al-
lows the program to accurately model any thermal -hydraulic system containing
similar components.

Version 26.0 of the CRAFT2 code was used because it contains ail of the small-
break LOCA upgrades and their modifications addressed in NUREG-0565. Included
in this version are a non-equilibrium pressurizer model, an upgraded two-phase
pump model, and a new upgraded steam generator model. During this analysis
only the upgraded steam generator model and the homogeneous drift-flux model
were used. For more informalion on the upgraded steam generator mode . see ref-
erence 6.

4,2. Assumption Made During the Analysis

The following major assumptions were used during this analysis:

1. The CRAFT2 model included 37 control volumes interconnected by 41 fliow
paths.

2. The flow regime-dependent (LAHEY and OHKAWA), homoyeneous drift-flux mode!
was used in the core and downcomer and the steam generator upflow and down-
flow sides. Dual flow paths were used in the hot leg to model any counter-
current flow. Single flow paths were used in the pump and cold leg

piping.
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3. The lower plenum was divided into two nodes, the bottom of which was repre-
sentative of a stagnant pool or "dead node zone." Nodal conditions for
the upper half of the lowsr plerum were set by the EGAG preliminary data:
a pressure of approximately 1500 psia and a temperature of roughly 522F.

1. The secondary steam generator pressure was maintained at a constant pres-
sure of 821 psia. This was different from the seccndary pressure used in
the test. For an explanaticn of this difference, see section 4.3,2 of
this appendix.

5. Core power was maintained at a constant 60 kW throughout the transient.

6. The pressurizer was valved out of the system when ¢guilibrium was reached
and before draining corisenced.

7. System fluid was drained from the bottom half of the vessel lower plenum
using a leak path.

8. Natural circulation flow rates were measured across the pump and in the
downcomer regions,

9. The system was assumed to be adiakatic throughout the transient.

4.3, Node and Flow Path Dezcripticn

The CRAFT2 noding scheme used during this analysis is shown in Figure G-3.
Table G-1 gives the nodal description of the CRAFT2 model. The CRAFTZ model
consists of 37 nodes, or control volumes, and 41 flow paths. In «il of the
primary coolant fiow paths, except the hot ana cold legs, the drift flux slip
model was used to allow for phase separation. Dual flow paths were used in

the hot leg to allow for countercurrent flow. Single paths were used in the
cold leq. The lower plenum was divided into two nodes, the lower of which rep-
resents a "dead zone" or stagnant pool.

4.3.1. Core Model

The core was represented by three nodes. The peaking factors were based on
the core axial power profile for the Mod-2A core.5 The maximum power peaking
factor was 1.55. The maximum heat generation rate was 11.23 kW/ft. The core
heat generation was maintained at a constant 60 kW of power throughout the

analysis.
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4.3.2. Steam Generator Model

The steam generator model used in this analysis was the new. upgraded steam
generator model that will be used in the small-break version of the CRAFT2
code. The primary side of the steam generator was characterized by twelve
nodes. The secondary side was represented by eight axial nodes and a down-
comer region.

For this analysis, the steam generator level was held at an ¢levation corre-
sponding to the top of the U-tubes. This was done by keeping the feedwater
flow constant at the steady-ctate value and holding the secondary at a con-
stant prossure.

The secandary pressure was held constant at approximately 830 psia. This was
almost 40 psia lower than in the tes.. The difference in secondary pressures
between the test and the post-test prediction was due to the assumpcions re-
garding the primary side initial conditions. A pressure of 1500 psia and a
temperature of 522.8F was assumed for the vessel lower plenum. These thermo-
dynamic properties were taken from the preliminiry data package for semiscale
natural circulation cest S-NC-2. The properties of all the other primary con-
trol volumes were Sased on this assumption. Assuming that there was no heat
loss through the cold leg piping, the temperature at the steam generator exit
should also be 522.8F, For an overly designed steam generator (as was the
case in this test), the secondary temperature should be the same as the pri-
mary temperature at the steam generator exit, i.e., 522.8F. Since the sec-
sadary side in a l-tube steam generator was at saturated conditions, the cor-
responding pressure for a saturation temperature of 522.8F was input in the
analysis. This value was approximately 830 psia and was almost 40 psia lower
than in the test. This lower secondary pressure in the analysis w<as expected
to predict a lower primary system pressure.

4.3.3. Pressurizer Model

The pressurizer was only used for the first few seconds of the analysis. It
was used to allow the system to reach steady state. Once reached, the pressur-
izer was valved out of the system for the remaining transient.
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4,3,4, Leak Model

To simulate the periods of draining, a leak patn with a controllable discharge
coefficient was modeled at the bottom of the lower plenum. Two computer runs
Aere necessary to obtain data for a point. The first run was to drain the sys-
tem, and the other was to stop the draining process and allow the system to
stabilize. Typically, the draining process lasted for one second while stabil-
ization took approximately 200 seconds.

5. Discussion of the Results

During the analysis, both single- and two-phase modes of natural circulation
were predicted. No prediction of tne reflux condenser mode of the natrual cir-
culation was made since this method of natural circulation cooling is not ap-
plicable to B&W's once-through steam generators (0TSGs).

This section presents the results of the comparison of the natural circulation
test data and the upgraded CRAFT2 predictions. The major variable during this
analysis was che amount of 1iquid mass inventory in the primary system. All
points of comparison between the test data and thz post-test predictions were
made with reference to this variable.

5.1. Test Measurement Uncertainties

The following measurement uncertainties existed during the testll.

1. Mass flow rates + 0.11 1bm/s
2. Absolute system pressure i 30 psia
3. System liquid mass inventory + 5%

Most notable was the uncertainty in the measurement of the liquid mass inven-
tory. According to Mr. G. G. Loomis of £G&GL1, a leak was discovered durirg

the test S-NC-2., Leakage was calculated after rthe S-NC-2 results and it was

estimated that the system liquid mass inventories were within + 5% during the
test S-NC-2.

In order to better undarstand the uncertainties of the system mass inventory
during the test, a quick comparison of the various tests (S-NC-2, S-NC-3, and
S-NC-10) was performed. All of these tests were conducted at ecsentially the
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the same power level and with a constant secondary pressure of approximately
870 psia. iigures G-4 through G-6 show the comparison between these tests.
Since all the tests were at essentially the same initial conditions, they all
should show the hot leg becoming saturated at basically the same system inven-
tory. As can be seen from Figures G-4 through G-6, the hot leg became satu-
rated at 92% system inventory for test S-NC-2, while tests S-NC-3 and S-NC-10
show that the hot leg reached saturation at 97% system inventory. Based on
this, it appears that the S-NC-2 system mass inventory may have v=en higher
than what was estimated during the test. This expectation was further en-
hanced by the fact that tests S-NC-3 and S-NC-10 were conducted after S-NC-2,
ind EGA&G had a hetter understanding for making estimates of the leakage in the
system. The RELAPS pretest prediction of S-NC-2 alsec indicates that the sys-
tem mass inventory may have been higher than that estimated during the test.

Based on the comparison and discussion above, it was concluded that the system
mass inventory was more likely to be higher than what was calculated during
the test. Hence, an upper error band of the liquid mass inventory due to mea-
surement uncertainties was included on Figures G-7 through G-12.

5.2, Primary System Pressure Response

Figure G-7 compares the calculated primary system pressure with the test data.
Once the pressurizer was valved out and draining commenced, the system pres-
sure dropped rapidly to the hot leg fiuid saturation pressure. The system
pressure then decreased continuously as the coolant was drained from the sys-
tem. The secondary pressure was maintained at a constant level of 830 psia
throughout the test.

It is obvious from Figure G-7 that CRAFT2 is capable of predicting the trend
of depressurization of the system. As explained in section 4.3.2, the 40-
psia-lower secondary pressure assumption in the CRAFT2 analysis was expected
to predict a lower system pressure. In addition, the accuracy of the measured
abs~lute pressures was within +30 psia. By taking these facts into considera-
tion, it was concluded that the system pressure response predicted by the up-
graded CRAFT2 comptuer code was within the uncertainties of the measurements.
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5.3. Temperature Response

The cold leg and hot leg temperatures calculated by CRAFT2 are shown in Fig-
ures G-8 and G-9. These temperatures were a function of the system precsure.
Both hot and cold leg temperatures predicted by the code showed the same
trends as observed in the test. The absolute temperature values were slightly
lower because the system pressure was underpredicted (section 5.2).

The differential temperatures (AT) across the core and steam generator are
shown on Figures G-10 and G-11. It is obvious from these figures that the ATs
calculated by the code for most data points are within the error band.

5.4, System Mass Flow Rate

The system mass flow rate was compared to the amount of liquid inventory in
Figure G-12. Single-phase natural circulation exists at 100% inventory. Two-
phase natural circulation occupies the wide spectrum from practically full
down to about 70%.

For liquid inventorie: sbove about 96 to 97%, the only significant voiding oc-
curs in the upper head until the 1iquid level drops to the top of the hot leg.
The overall density gradient changed only a little; thus. system natural cir-
culation flows were not significantly affected.

The peak two-phase flow point occurred hetween 88 to 93% inventory. During
this portion of the transient, saturated steam was being carried into the hot
leg to just below the bend in the U-tubes. As the hot leg density decreased,
the loop flow increased. Further draining of inventory resulted in lower lcop
flow because steam was carried over the bend and into the downside of the
steam generator, de.reasing the gravity imbalance.

As can be seen from Figure G-12, CRAFT2 predicted loop flow trends reasonably
well. The comparison of caiculated and measured flow rates was best at the
higher system mass inventories. CRAFT2 did slightly overpredict the two-phase
natural circulation flows.

This .serprediction of the natural circulation flow rate was attributed to the
rate at which phase-separation occurs in the vessel. Previous analyses have
shown that the slip mode! available for use with the CRAFT2 code underesti-
mates the rate at which phase-separation occurs at low system flow.8 A faster
phase-separation model would decrease the void fraction in the core and hot
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leg. A lower void fraction in the hot leg and core regions would lower the
density gradient, and thus the predicted system flow would be lower.

In general, calculated trends from the upgraded CRAFT2 calculations compared
well with the data. There were slight differences between the calculated and
measured results, which were due to the modeling assuirptions. Most of the
data points predicted were within the measurement uncertainties.
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Table G-1. Nodal Description

Node Description Node Description
1 Downcomer annulus 20 SG front half of primary
2 Downcomer 21 SG front half of primary
3 Lower plenum 22 SG back half of primary
- Core 23 SG back haif of primary
5 Core 24 Containment
6 Core 25 SG secondary
7 Upper plenum 26 SG secondary
8 Hot leg 27 SG secondary
9 Precsurizer 28 SG secondary
10 SG inlet 29 SG secondary above SG pri.
11 SG front half of primary 30 SG secondary cont. flow sep'r
12 $G front half of primary 31 Lower plenum (dead zone)
13 SG back half of primary 32 SG front half of primary
14 SG back haif of primary 33 SG front half of primary
15 SG outlet 34 SG back half of primary
16 SG secondary, downcomer 35 SG hack half of primary
17 Cold leg 36 SG secondary
18 Pump suction 37 SG secondary
19 Pump discharge
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Figure G-1.
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Figure G-3. CRAFT2 Nodiry Diagram

ra
s

Lot}

(.

WP (28) e

- N
30
~ 1
| 29
| 13 gy
: - |
—
21 28 22
12 3 '8
—ﬂ
20 27 23
37 'y 38
> 13 37 34
l 36 40 39
E” | 16 18
\ i 30 15
3 12 6 13
'0» 29 16
e
= ¥ ] 25
L N | 17
8 H 3%
8 ‘0 18
7
'8
2! P.ﬁLr———
19 v
J | '8 v
‘ ;
L WPy (27
24

:]I.A‘I. ey -

MENT

G-16

Babcock & Wilcox




X09|IM % ¥202qeg

psi2

Primary Pressure,

Figure G-4. System Pressur2

\
" S-NC-?
e S-NC-3 CASE 2
— e we w3 -NC-10 PART |
1000
\—-‘--—' = — — S— -—:‘
MOT LEG BECAMES SATURATED
500 i N B L .
i ” - 0 60

Percent Mass Inventory, %



X09|IM # %200Geg

°of

Temp

Hat Leg Fluig

610

550

500

vy

Figure G-5.

Hot Leg Fluid Temperature

HOT LEG BECOMES SATURATED

HOT LEG BECOMES SATURATED

S$NC-2

€ $-NC-3 CASE 2

e o s e §-NC-10 PART |

104

Percent

Mass inventory, %

10 (1]



—

(Ce)

X02JIM ¥ %209qeg

Figure G-6. Mass Flow Rate

S-NC-2
HOT LEG BECOMES SATURATED

e @ e §-NC-3 CASE 2
20 }-

e wee $-NC-10 PART |

:
o T
;)
HOT LEG BECOMES SATURATED
o | Ko 1

100 80 80 10 80

Percent Mass inventory, %



02-9

X0J|IM ® 3000qeg

Pressu

mar

1500

506

Figure G-7.

Primary System Pressure

& CRAFI2
Gr—9) SN2
B (=) (PPER ERROR BAND OM
- S-NC 2 INVENTORY
| k{ : MEASUREMENT
\
a) {\
N
- !;L‘
= = = A L= C —O— o —{)
L, A A
1 | 1 | 1 1 A L
100 90 - " B

Percent Mass Inventory, %



-

X02|IM ® ¥200qeg

600

950

500

Figure G-8.

o -
T e

Cold Leg Fluid Temperature

& CRAETZ

(=) SN 2

(spom == =(+) UPPER ERROR BAND ON THE
S-NC-2 INVENTORY MEASUREMENT

i 2 1 1 |

100

80 10 60
Percent Mass Inventoiy, %



2¢-9

X0JJiM ® o00qeq

950

500

Figure G-9. Hot Leg Fuid Temperature

—— a CRAFT2
3 *\
]
\
'
AQ Y
\
- al
A
-
) S-NC-2
@—==@ UPPLR ERROR GAND ON
5 THE S-NC-2 INVENTORY
NEASUREMENT
i 1 1 | 1 1 1 |
100 90 [11] 10 60

Percent Mass jnventory, *



£

X02|IM ® ¥o059eq

60

20

rigure G-10. Cor Temperature Different i3l

A CRAFIZ

Bt 5-NC-2

©==<«  UPPER ERROR BAND ON THE
! S-NC-2 INVENTORY MEASUREMENT

‘0o

Percent Mass fnventory, %



¥i-9

X09|IM 8 ¥200qeg

i

Steam Generator AT,

i

20

rigure G-11. Steam Generator Temperature Differential

A CRAFT2
\
\
\
“ '_:.——‘:' S'uC'z
- a" "' ©-=~® UPPER ERROR BAND ON THE
\ S-NC-2 INVENTORY MEASURENENT
\
\
o \
- |
) \
_ \-1 \
"N ‘
e - w
-()- n (3 () e e e
1 1 |
160 sn u 50

Puccnl Mass Inventory, %



% ‘Aiojvaau) ssen 1uadiag

08 06 001
1 T 0

o~ 410 03MuN}
v SHILVIN

951 0

SININJYASYIN AHOINIANI
C-IR-5 WL HO4
ONVE HOWH] H3ddN O~ = =0

LONS i)

(5 "49Y4) Sdv1ly O—@
gy O—w

930Y MO|4 SSe “21-9 aunbL4

Babcock & Wilcox

‘3ley w0(4 SSEN

Jas/wa|



APPENDIX H

CRAFT2 - Loss of Offsite Power Plant
Transient Prediction
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ABSTRACT

The CRAFT2 computer code was benchmarked against a loss of offsite power
(LOOP) transient at Arkansas Nuclear One, Unit 1. This analysis was per-
formed, as part of the Small-Break LOCA Methods Program, to demonstrate the
analytical capability of the upgraded CRAFTZ code to correctly predict the
steam generator and pressurize: response during a B&W plant transient. The
results show that the upgraded CRAFT2 computer model was quite capable of
predicting the system vesponse during the ANO-1 LOOP event.
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1. Introduction

In NUREG-0565, Section 4.1.1.1, paragraph 1, the NRC Staff questioned the abil-
ity of existing computer models to “correctly predict the various modes of nat-
ural circulation and the interruption of natural circulation if it occurs.”
This concern has been addressed as part of B&W's Small-Break LOC* Methods Pro-
gram. This appendix presents a benchmark of the upgraded CRAFT2 code with the
post-trip transient response to a loss of offsite power (LOOP) at Unit 1 of

the Arkansas Nuclear One site (AND-1). This post-trip analysis of the ANO-1
high-pressure reactor trip is intended to benchmark the ability of the updated
CRAFT2 code to correctly predict the steam generator and pressurizer responses
during a B&W plant transient involving natural circulation and the use of the
auxiliary feedwater system (AFWS).

The criteria related to selection of the B&W plant transient are provided in
section 3. The initial conditions and the sequence of events of the ANO-1 re-
actor trip are discussed in section 4., The CRAFT2 modeling techniques and the
assumptions used in predicting the post-trip responses are discussed in sec-
tion 5. The transient data are compared to the CRAFT2 prediction in section
6. .

2. Summary and Conclusions

A benchmark of the upgraded CRAFT2 computer model to a B&W plant transient has
been completed. The selected transient was a loss of offsite power (LOOP)
event that occurred at Arkansas Nuclear One, Unit 1, on June 24, 1980. Trees
in the power lines caused thc loss of power. This created a grourd fault sep-
arating the plant from the grid. The turbine governor and intercept valves
partially closed, creating a mismatch between steam production and steam de-
mand. The reactor tripped shortly thereafter on the RPS high pressure signal.
fhis transient was significant because the plant was cooled by natural circu-
lation for one hour and 40 minutes.

The results of the benchmark between the calculated results and the ANO-1 data
show that the upgraded CRAFT2 code data compared extremely well with the tran-
sient data. Both the steam generators and the pressurizer models correctly
predicted their response to the LOOP event. This analysis demonstrated that
the upgraded CRAFT2 code was capable of predicting the natural circulation
mode observed during the small-break transients.
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3. Selection of B&W Plant Transient

In order t- select an appropriate transient against which to benchmark the up-
graded CRAFT2 code, certain criteria were established. The following criteria
were chosen for the post-trip analysis:

1. The transient must be from a 177-FA lowered-loop plant.

2. The plant must go through the transition from forced to natural cir-
culation.

3. The auxiliary feedwater system nwust be used.

4. The transient should have initiated from a high power level.
5. The transient should have been benchmarked previously.

6. Sufficient data of gond quality should exist.

Several plant transients were assessed according to these criteria. Table H-1
lists the B&W plant natural circulation transients. Of the transients that
were considered, the ANO-1 reactor trip of June 24, 1980, was determined to
best meat the specified criteria. The ANO-1 transient data are included in
reference 3, and a benchmark of the ANO-1 high-pressure reactor trip is pre-
sented in reference 4.

4. The ANO-1 Transient

4,1, Discussion

On June 24, 1980, while operating at full power (2568 MWt), the ANO-1 plant
experienced a partial loss of offsite power (LOOP). Trees in one power line
caused thrae other lines to be tripped, separating the plant from the grid.
The turbine intercept and governor valves closed sligatly, reducing generator
output to maintain frequency. This created a mismatch between reactor power
production and steam generator demand. The surplus energy increased the RC
pressure. A manual reactor runback was started just before the reactor/tur-
bine trip on high RC pressure. The reactor coolant pumps were also tripped
upon reactor/turbine trip. The transient was of particular interest because
the plant was cooled by natural circulation for approximately one hour and 40
minutes, after which the RC pumps were restarted.
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4,2. Plant Conditions Prior to
Reactor Trip

The plant operating conditions at the time of the reactor/turbine trip were as
follows3:

* 100% power/2568 MWt

» A1l reactor coolant pumps operating

+ Total reactor coolant flow: 139.35 x 106 1bm/h

* Cold leg temperature: 556,9F

* Hot leg temperature: 600.9F

+ Reactor coolant pressure: 2i76.8 psia

+ Steam generator outlet pressure: 923.64 psia

* Pressurizer level: 180 in.

. Main feedwater flow: 5.63 x 106 1ba/h (per loop)

4.3. Sequence of Events

The ANO-1 reactor had been operating at 100% power for approximately 15 days
before the reactor/turbine trip. At 1540 hours on June 24, 1980, one 500-kV
power line was isolated to the switchyard. A ground fault caused by trees in
the lines tripped two other 500-kV lines and a 161-kV line, creating a partial
LOOP event. Within a tew secords, the ANO-1 generator frequency reached the
overspeed protection contrul setpoint. The intercept and governor valves
began to close to maintain the generator frequency. This created a mismatch
between the amount of steam produced and that demanded. A manual runback of
the reactor was initiated. During the runtack, the excess energy increased
the RC pressure to the high-pressure setpoir*, causing the reactor/turbine
trip. A partial sequence of events is listed on the following page; a more
detailed listing is provided in reference 3.
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Time into

Time event, S Event description
14:28:57 -680.0 Mayflower 500-kV line isolated to the switch-
yard.
15:40:16 -1.0 Mabelvale 500-kV lines tripped due to ground
fault - trees in lines.
15:40:16.9 -0.1 161-kV Morrelton East line tripped.
15:40:17 0 ANO-1 generator reaches OPC setpcint, governor

and interrupt values begine to close, manual
runback initiated.

15:40:21.1 4.1 Reactor/turbine trip on high RC pressure.
15:40:38 21.0 Steam driven EFW pump trips on overspeed.
15:40:51.1 34.1 Makeup started (14 gpm per loop).
15:41:51.1 9.1 EFW started (450 gpm per loop).4

15:42:01 Two HPI trains started (one pump per loop).
17:20 5888.9 RC pump C started.

17:21 5948.9 RC pump B started.

17:24 6128.9 RC pump D started.

17:26 6248.9 RC pump A started.

The steam-driven emergency feedwater pump tripped on overspeed upon its ini-
tial start. However, it did start twice as needed after it was reset. No
other problems were encountered during this transient.

4.4, RC System Response

The initial response of the system was a sharp pressurization of both the reac-
tor coolant system (RCS) and the 0TSGs. This corresponded to the closing of
the governor and intercept valves on the turbine. The maximum pressure the
RCS reached was 2325 psia. After the reactor tripped, the RCS depressurized

to 1885 psia in approximately 65 seconds because of the decreasing amount of
core energy. [mergency feedwater was injected into the OTSG at roughly 95 sec-
onds. It was assumed that emergency feedwater flow was 450 gpm to each genera-
tor and held constant throughout the remainder of the transient. At this time
the generators were effectively removing all of the decay heat.
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In order to increase the RCS pressure to put the plant in a hot standby condi-
tion, two HPI trains were manually actuated. The increase in system mass from
the HP[ system began filling the pressurizer, compressing the steam bubble and
raising the RCS pressure. Both the hot and cold leg temperature increased ini-
tially with the increase in pressure and then decreasec. The cold leg tempera-
ture continued to decrease with the OTSG pressure while the hot leg tempera-
ture increased slightly during the repressurization period. The plant was
stabilized within roughly 300 seconds with the following conditions:

* Hot standby

* Tayg: 545F

* RCS pressure: 2170 psia
« A1l RC pumps operating

L. CRAFT2 Plant Transient Model

£.1. CRAFT? Code

"he CRAFT?2 computer program was developed to study the transient behavior of a
nuclear steam system undergoing a loss-of-coolant accident (LOCA).5 The pro-
gram solves the conservation equations for mass and energy, ‘the continuity
equation, and the equation of state for water.

The CRAFT2 program permits the user to select the nodal representation that
rasults in the best finite differencing of the fluid system to be analyzed.

The program then solves the conservation equations for each ncje and the momen-
tum equation for each flow path between nodes. CRAFT2 utilizes explicit solu-
tion techniques to analyze the transients. The nuclear steam system (NSS) ic
simulated by a node and flow path representation,

CRAFT? contains flexible models of all major NSS components. Various options
as well as user input parameters enable the program, to model the reactor

core, RC pump, steam yenerators, and connecting piping in any configuration

and operating mode desired. The diversity of the models also allows the pro-
gram to accurately model any thermal-hydraulic system containing similar compo-

nents.
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/
The upgraded CRAFT2 code contains all of the small-break LOCA upgrades and
their modifications that were addressed in NUREG-0565. Included in this code
are a non-equilibrium pressurizer model, an upgraded two-phase pump model, and
a new, uparaded steam generator model.

5.2. Model De cription

The CRAFT2 noding scheme used in this analysis is shown in Figure H-1, and the
nodal and flow path description is provided in Table H-2. The CRAFT2 model
comprises 57 nodes and 79 flow paths. The model that was used in this analy-
sis was the same as the one developed for the 177-FA lowered-1oop p]ants.6

The initial conditions of operation for the plant transient analysis were ob-
tained from reference 3 and are shown in section 4.2.

5.2.1. Modeling the OTSG

The steam generator (0TSG) model used 1n this analysis was the new, upgraded
model described in the CRAFT2 topical report.5 Both steamn generators were
characterized by two radial and six axial regions on the primary side and six
axial regions on the secondary side with a separate node for the downcomer.
Also, both generators were treated alike with regard to O0TSG pressure, main
feedwater flow, and emergency feedwater (EFW) flow.

At the initiation of the ANO-1 transient, the turbine governor and intercept
valves partially closed, causing a mismatch between the energy produced and

the energy demanded. A: a result, the RCS, along with the steam generator,
repressurized. This caused the reactor to trip on high pressure. In the znal-
ysis, the reactor was tripped at 4.5 seconds.

During the transient, the steam-driven EFW pump tripped on overspeed and was
restarted manually before the 100-second automatic time delay. From reference
4, the EFW pumps were started at 90 seconds after reactor trip. The EFW flow
w15 held constant throughout the transient at 450 gpm to each 0TSG.

5.2.2. Makeup Flow to the RCS

For the ANO-1 transient, the reactor reached the RPS high-pressure trip set-
point approximately 4.5 seconde into the transient. The initiation of the
transient was the partial closing of the turbine governor and intercept
valves. There was a 30-second time delay from reactor trip until makeup flow
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was re-initiated to the RCS, This delay was based on 15 seconds for the
diesels to become fully loaded an! another 15 seconds for the makeup/HPI pumps
to reach full speed. It was assumed during this analysis that all makeup and
letdown flow was lost. The only liquid entering the RCS was the difference be-
tween seal injection flow and seal return. This amounted to a total makeup
flow of 28 gpm.

The system needed to repressurize in order tc return to hot standby condi-
tions; to achieve this, two HPI trains were manually actuated at 100 seconds.
The increase in mass flow into the RCS creates a constant insurge into the
pressurizer, which begins Lo increase its level. As the level increases, it
coapresses the steam bubble in the top of the pressurizer and thus increases
RCS pressure.

5.2.3. Pressurizer Heater

During a LOOP event, all power to the pressurizer heaters is lost until the
diesels begin accepting loads. For ANO-1, the first two banks of heaters are
the only ones loaded on the diesels./ Both heaters turn on at a pressure of
2150 psia and remain on until the pressure reaches 2170 psia. This is ac-
counted for in this analysis. L

6. Analytical Results

This section describes the comparisons of the results of the ungraded CRAFT2
code mode! and the LUOP event at ANO-1 on June 24, 1980. The RC system pres-
sure, RC temperature, and pressurizer responses are discussed separately.

6.1. RCS Pressure Response

A comparison of the calculated primary system pressure to the ANO-1 data is
shown in Figure H-2. As can be seen from the figure, the updated CRAFT2 code
mode] results compare very well with the actual RC pressure response. The
only difference between the ANO-1 test data and the CRAFT2 prediction was the
overestimation of the peak pressure, which was due to the following: During
the ANO-1 transient, the partial closing of the turbine intercept and governor
valves was responsible for the repressurization and for the eventual reactor
trip at 4.5 seconds. To simulate this with CRAFT2, the RCS had to be pres-
surized. This was achieved by completely closing the valves to the turbine
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(since partial closing of the valves is not possible with the CRAFT2 code
prior to the reactor trip). Because of the termination of the total steam
flow to the turbine, the RCS is expected to pressurize to a higher value than
for the ANO-1 transient.

The subsequent depressurization in RC pressure was caused by the decrease in
fission power when the reactor trips. At roughly 20 seconds the steam genera-
tors start drying out, causing the RCS pressure to Tevel out at 1900 psia.

The RCS repressurization at 100 seconds was due to manual actuation of the two
HPI trains. The mass added by the HPI system began filling the pressurizer,
compressing the steam bubble in the top of the pressurizer and thus increasing
the pressure. The pressure is c«pected to remain at roughly 2175 psia (hot
standby pressure) for the remainder of the transient.

6.2. Temperature Response

The cold and hot leg temperatures calculated by the upgraded CRAFT2 code are
shown in Figures H-4 and H-5, respectively. The cold leg temperature in-
creased sharply at the beginning of the transient because of the pressuriza-
tion of the 0TSG. As the pressure increases, so does the steam temperature.
The resulting temperature difference between the primary and secondary side
was significantly smaller than that at the beginning of the transient. This
caused the reduction in heat transfer, which resulted in a higher cold leg
temperature. After the reactor trip, the cold leg temperature drops to 548.5F
in approximately 80 seconds. The coid leg temperature decreased thereafter
because of the decreasing decay heat. As can be seen in Figure H-4, the
predicted cold leg temperature compared ree;onably well with the transient
data.

The hot leg temperature (Figure H-5), like that of the cold leg, increased
slightly at the beginning of the trancient. The hot leg temperature dropped
to approximately 570°F in 80 sa2conds after the reactor trip. The hot leg tem-
perature increased slightly at this time due to the drying out of the 0TSGs.
Shortly after EFW actuation, the hot leg temperature began to decresse. This
was due to the constant EFW and decreasing decay heat. As can be seen in Fig-
ure H-5, the CRAFT2-predicted hot leg temperature compared reasonahly well
with the ANO-1 data.
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Comparison of the hot and cold leg temperatures is difficult because of the
following missing information.
1. Insvfficient data concerning steam generator secondary side
pressure.
2. Unavailability of the data regarding EFW flcw and OTSG level.
3. Unknown makeup and HPI flows throughout the transient.

Despite these factors, the results calculated by the upgraded CRAFTZ code were
in excellent agreement with the transient data.

6.3. Pressurizer Level

The predicted pressurizer level response is compared to the ANO-1 pressurizer
level in Figure H-6. As can be seen in the figure, CRAFT2 pradicted the level
very well through the first 75 seconds of the transient. At this time the hot
leg temperature, as predicted by CRAFT2 and shown in Figure H-5, was approxi-
mately 4°F higher than the ANO-1 data. The 4°F temperature difference ac-
counts for the l4-inch-higher level and was due solely to the expansion of the
Tiquid. As the steam generators began to dry out and the hot ieg temperature
began rising, the pressure level started to increase. At 100 seconds, two HPI
trains were started. The additional mass entering the system continued fill-
ing the pressurizer, as can be seen in Figure H-6. Overall, the CRAFT2 aon-
equilibrium pressurizer model compared well with the transient data by showing
the same trends and by calculating essentially the same level.
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Table H-1. Summary of Natural Circulation Tests®

Power,
Date Plant % Comments

5/1/73 Oconee 0 SG depress to induce natural circula-
tion: unacceptable for analysis

5/1/73 Oconee 0 SG level increase to induce natural
circulation: unacceptable for analysis

11/4/73 Oconee 1 -- Loss-of -of fsite power (LOOP) test: in-
sufficient data

5/2/74 Oconee 1 -- Natural circulation test: missing some
data, possibility

174774 Oconee 2 75 LOOP - AFW delayed 7 minutes: possible
berchmark case

2/22]75 ANO-1 100 LOOP - RC pump start at 5 minutes: does
not allow fully developcd natural cir-
culation flow, possible case

4/23/77 Crystal River -- LOOP test: experience indicates data
quality is poor

4/22/78 T™I.2 15 LOOP test: possibie benchmark

11/29/77 Davis-Besse 1 -- LOOP: wrong plant type

1/15/79 Davis-Besse 1 - LOOP test: wrong plant type

12/3/78 Davis-Besse 1 - Natural circulation test: wrong plant
type

6/24/804 ANO-1 100 LOOP: previously benchmarked, possible
case
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Table H-2.

Node and Path Identification, CRAFT2 Model

Node No. Identification Path No. Identification
1 Duwncomer 1,8 Core
2 Lower plenum 3,4,18,19 Hot leg piping
3 Core 5,20,40,42 Hot leg, upper SG
4,14 Hot leg piping 6,41,50,52, SG No. 1 tubes
54,56,68,60
5,6,30,32, SG No. 1 R i
38’40,42’44’ 62’64|68,70
46,48,50,52 7,66 SG No. 1 Tower head
7,26,28,34, SG No. 1 secondary 8 Core bypass
55 ‘ 9,13,24 Cold leg piping
8 SG No. 1 lower head 10,14,25 Pumps
?515519'10' Cold leg 11,12,15,16, Cold leg piping
. 26,27
13 Upper downcomer 17,31 DONNCORSY
Sedivide 56 No. 2 21,43,51,53, SG No. 2 tubes
e e R 55,57,59,61
47,49,51,53 g i
i ik 63,65,69,71
17,27,29,35, SG No. 2 secondary 22 67 SG No. 2 lower head
37,55,57 . .
18 G No. 2 lower head 23 Low-pressure injection
21 Pressurizer 18,29 Upper downcomer
22 Containment 30 Pressurizer
23 Upper plenum 32 Vent valve
24,25 56 upper head 33,34 Leak and return path
35,36 High-pressure injection
37 Containment spray (HPI-X)
38,39 Upper plenum
44,48,46,72, SG No. 1 secondary
74,76,78
45,47,49,73, SG Nc. 2 secondary
75,77,79
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Fiqure H-2. RCS Pressure Vs Time Comparison
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Steam Generator Pressure Vs ime Comparison
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Figure H-4. Cold Leg Temperature Vs Time Comparison
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1 Temperature Vs
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Pressurizer Level Vs Tin
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