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ABSTRACT

This report presents results of calculations which predict the thermal-
hydraulic response of a large pressurized water reactor (Zion 1 p.ant
designed by Westinghouse Electric Corporation) to a hypothesized loss-of -
coolant accident (LOCA). The calculations were performed using the
RELAP4/MOD6 computer code, and the results are compared with large break
loss-of-coolant experiments performed in the Loss-of-Fluid Test (LOFT)
facility. The comparison indicates that the response of the LOFT facility
to a LOCA 1s prototypical of Zion 1 response. Additional calculations (sen-
sitivity studies) show that the response of Zion 1 to a large break LOCA 1is
almost unaffected by changes in steam generatur geometry and pressurizer
water level. These calculations also show that the operation mode of the
pumps durina the accident is very mportant to the core mass flow behavior.

MRC FIN No. A6048--LOFT Experinental Program
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SUMMARY

This report documents results of calculations which predict the
thermal-hydraulic response of a large pressurized water reactor (Zion 1 plant
designed by Westinghouse Electric Corporation) to a hypothetical loss-of-
coolant accident (LOCA). These calculations were performed for three 200%
double-ended cold leg break LOCAs initiated at plant conditions corresponding
to Loss-of-Fluid Test (LOFT) large break Experiments L2-2 and L2-3 (com-
pleted) and Experment L2-4 (proposed).

The RELAP4/MOD6 computer code was used for this analysis. The analyti-
cal models used best-estimate predictive mechanisms and are described.

Results of the Zion 1 LOCA calculations are compared with data from
LOFT Experiments L2-2 and L2-3. This comparison indicates that the response
of the LOFT facility to a LOCA is prototypical of Zion 1 response.

Additional calculations (sensitivity studies) show that the response of
Zion 1 to a 200% double-ended cold leg break LOCA would be almost unaffected
by changes in steam generator geometry and pressurizer water level. These
calculations also show that the pump operating mode during an accident would
be very important to the core mass flow behavior.
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1. INTRODUCTION

This report presents results of calculations, using the RELAP4 computer
code, which predict the thermal-hydraulic response of a large pressurized
water reactor (LPWR) to a hypothetical loss-of-coolant accident (LOCA). The
LOCA c2lculations were performed to evaluate prototypicality of large break
(200% double-ended cold leg break) loss-of-coolant experiments performed in
the Loss-of-Fluid Test (LOFT) facilityl for simulating LOCAs in a LPWR.

The Zion 1 plant, a currently operational LPWR built by Westinghouse Electric
Corporation, was chosen as the subject for the calculations. LOFT large
break Experiments L2-2 and L2-3 provided a comparison for the calculated
results.

Basically, three calculations were done for Zion 1: One of the calcu-
lations was done at approximately 70% nominal power, and one at approxi-
mately 110% nominal power. These two power level conditions, togecher with
nominal plant coolant mass flow, furnish the Zion 1 plant with the same
temperature difference across the core as in LOFT Experiments L2-/ and L2-3,
respectively. A third calculation was done with an increased mass fiow (130%
of the nominal mass flow) and with a power level of about 150% of the nominal
power which gives a plant condition comparable with the proposed LOFT
Experiment L2-4. The calculations were done only for the blowdown phase and
a part of the refill phase; there is no analysis of the reflood phase. In
this report, the data from LOFT Experiments L2-2 and L2-3 are compared with
the first two Zion 1 calculations.

In addition to the three basic calculations, specific sensitivity
studies were done. These studies are divided into three major parts: The
first part gives the sensitivity of calculated parameters to some RELAP4
input options. The second part consists of a pair of calculations which
investigate the influence of the pressurizer level and the steam generator
design on a LPWR LOCA calculation. The remaining sensitivity calculations
give the sensitivity of the system behavior during a LOCA for different
piant conditions. Some of these studies can be used in defining future
experiments in the LOFT large break experiment series.
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Sections 1.1 and 1.2 of this introduction give brief descriptions of
the Zion 1 plant and of the analytical model used for the calculations,
respectively. Section 2 describes the calculational technigues, and
Section 3 presents the calculational results. The calculated and experi-
mental data are compared in Section 4. Results of the sensitivity studies
are presented in Section 5. Section 6 contains the conclusions reached from
this analysis.

1.1 Description of the Reference Plant

The plant chosen for this study was the Zion 1 reactor, a 15 x 15 four-
loop pressurized water reactor designed by Westinghouse Electric Corporation.
The Zion 1 plant was chosen for these calculations because 3 basic RELAP4
mode] of the plant was available,2 eliminating the very time consuming
work of gathering all the geometrical information needed. The Zion 1 plant
is considered to be representative of LPWRs; therefore, the results of the
calculations should be considered as typical for a LPWR of that type.

A1l the information used in the calculations, geometries, nuclear data,
and other characteristics, were taken from an earlier study on the Zion 1
plant described in Reference 2. The nominal operating conditions for the
plant are given in Table 1.

TABLE 1. NOMINAL OPERATING CONDITIOW> FOR ZION 1

ol

Operational Parameter _Value
Core power [MW(t)] 3 238
Peak power density (kW/m) 35.8
Core coolant flow (kg/s) 18 296
Core coolant inlet temperature (K) 550
System pressure (MPa) ' 15.5
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1.2 Analytical Model

All the calculations have been done with the RELAP4/MOD6 (Update 4)3'a
code which has had a few minor updates. Some corrections were made in the
heat transfer subroutines (HTS2 and HTS4) and also in the Wilson bubble rise
subroutine. The RELAP4 blowdown system ca’'-ulation was used to generate
boundary conditions for the RELAP4/MOD6 "hot pin" calculations.

2. CALCULATIONAL TECHNIQUES

The technical bases for the calculations are presented. The intent
is to describe the analytical methods and inodels which were used in the
calculations; however, only the more significant basic equations are
discussed. Basically, the same models and methods were used in these cal-
culations as were used in the RELAP4 predictions for LOFT Experiments L2-2,
L2-3, and L2-4.4 A1l the models used should be recognized as best
estimate models.

2.1 RELAP4 System Input Model

The nodalization and models for the RELAP4 system input model are
described in this section.

2.1.1 Nodalization

The RELAP4 system irput model consists of 42 control volumes, 60 junc-
tions, and 17 heat slabs. The nodalization for the system model was basi-
cally the same as 'he nodalization used in the recent RELAP4 models for
LUFT.“’5 A schematic of the system model is shown in Figure 1. A brief
description of each control volume is given in Table 2. Some major points
concerning the nodalization follow.

a. RELAP4/MOD6 (Update 4), Idaho National Engineering Laboratory
Configuration Control Number HO10171B.



& Heat slab 61

55? 6‘ Control volume
# Junction

INEL-A-14 664

€606 440700 3

Figure 1. RELAP4 model schematic diagram for a LPWR.
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TABLE 2. DESCRIPTION OF CONTROL VOLUMES FOR RELAP4 SYSTEM INPUT MODEL

Control Volume Description
1, 8, 9, 11, and 12 Intact loop piping
2 Inlet plenum of intact loop steam generator
3, 4, and 6 Intact loop steam generator tubes
7 Qutlet plenum of intact loop steam gererator
10 Intact loop primary coolant pump
13, 20, 21, 23,
24, 25, and 26 Broken loop piping
14 Inlet plenum of broken loop steam generator
15, 16, and 18 Broken loop steam generator tubes
19 Qutlet plenum of broker loop steam generator
22 Broken loop primar:; coolant pump
34 and 35 Downcomer inlet .nnulus
36 and 37 Upper part of rowncomer
44 and 45 Lower part of downcomer
38 and 43 Lower plenum
79, 40, and 41 Core
42 Upper plenum
17 Upper head
5 Core bypass
27 Secondary side of intact loop steam generator
28 Secondary side of broken loop steam generator
30 Pressurizer
29 Pressurizer surge line
32 Intact loop accumulator
33 Broken loocp accumulator (not used)
3. Containment

The "split-downcomer" model was used for this analysis since it allows a

real.stic description of the penetration of emergency core coolant (ECC)
water into the reactor vessel downcomer. In tnis model, the downcomer was
axially divided into an upper annulus and two ax1al stacked volumes with the

circumference of each volume split into two volumes (three-fourths of the

volume was located on the intact loop side and one-fourth of the vulume on
tre broken loop side of the downcomer). A more complete description of the

split downcomer model is given in Reference 6.

The core was divided in three axial stacked volumes; each volume con-

tains a heat slab representing the fuel rods.
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The pressurizer and the surge line of the pressurizer were modeled as
two separate volumes. This is n contrast with the nodalization used n the
RELAP4 LOFT modela, where the surge line and pressurizer were modeled as

one volume.

The upper plenum of the reactor vessel was modeled as one volum:. A
sensitivity st.udy2 of the nodalization of the upper plenum shows that test
results are not influenced by modeling the upper plenum with only one volume.
The temperature of the fluid in the reactor vessel upper head was taken as
equal to the sum of the cold leg fluid temperature plus 60% of the core
inlet-to-outlet fluid temperature difference.

The LOCAs evaluated in all cases were 200% double-ended cold leg breaks.
Initiation of the LOCAs was controlled by three valves (Junctions 23, 25,
and 26 shown in Figure 1). At time t = 0, the LOCAs were initiated by simul-
taneously opening Valves 25 and 26 and closing Valve 23. The valves n
Junctions 25 and 26 have flow areas respectively equal to the cold leg and
hot leg piping of the broken loop. The coolant flowed through these two
discharge valves into the containment reservoir. The containment reservoir
of the reactor plant was modeled as a control volume with the pressure given
as a function of time.

The ECC injection can be made into eitner the broken loop or intact
loop, as shown in Figure 1. However, for all the calculations, the ECC
injection systems on the broken loop side were turned off. This was done by
setting Junctions 56, 57, and 48 to zero and closing the valve in
Junction 28 during the transient. There are two reasons to turn off the ECC
systems on the broken loop side as follows:

1. For RELAP4 calculations, instantaneous equilibrium in the volumes
is assumed. After injection of cold water from the accumulator was
started, the pressure in Volume 24 decreased fast. After a short
time, the pressure was lower than the containment pressure, and
reverse flow from the containment to the hot leg broken loop
occurred. This caused instabilities and a considerable increase in
central processing unit (CPU) time on the computer.
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2. The LOFT facility has ECC injection only in the intact loop. The

broken loop ECC system of Zion 1 was turned off to make the Zion 1
calculation similar to LOFT experiment conditions.

2.1.2 Models

The compressible flow equation (MVMIX=0) was used for almost all the
junctions. The incompressible (MVMIX=3) flow equation was used only for the
cross-flow junctions in the downcomer, the junctions connected with the core
bypass, the ECC junctions, and the junctions on the secondary side of the
steam generator.

All the volumes were assumed to contain homogeneous fluid except the
upper head, pressurizer, and inlet and outlet plena of the steam generator.
For these volumes, the Wilson bubble rise model was applied. Complete phase
separation was used in the accumulator. In the secondary side of the steam
generator, a bubble rise model consistent with the heat transfer rate and
mass flow was chosen.

The Henry-Fauske critical flow model was specified in the subcooled
region, and the homogeneous equilibrium model (HEM) was specified in the
saturated region with a transition region from 0.0 to 0.25% quality. The
multiplier (contraction coefficient) used in the critica: flow model was
1.0. 1n RELAP4, the critical flow tables are given as a function of the
upstream stagnation properties. However, RELAP4 calculates the static
properties and uses these properties in the critical flow tables. Earlier
studies showed that the cold leg break flow was influenced by this
phenomena. An artificially large flow area was applied to the two controi
volumes upstream of the break in the cold leg. This was done in an attempt
to model the stagnation properties in the volume upstream of this break
junction. The two volumes (Volumes 25 and 26 in Figure 1) were given a flow
area four times larger than the actual flow area, and the hydraulic diameter
was changed to conserve the friction loss in the volumes.

A slip model was applied to the vertically oriented junctions outside
the core. Horizontal slip was not applied.
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Pump characteristics of head, terque, and two-phase flow behavior were
taken from the “BE/EM study." 2 An assumption in the calculations is that
off-site power was maintained throughout the accident so both pumps continued
to operate.

The several ECC systems for the Zion 1 mode] were modeled in different
ways. The low-pressure injection system (LPIS), high-pressure injection
system (HPIS), and the charging systems were modeled as fi1l junctions with
the flow rate given as a function of the system pressure. Volume 32 in
Figure 1 represents the accumulator. The nitrogen gas in the accumulator
volume was modeled as an air head with a polytropic expansion model (pv -

= 1.401). There was ECC injection only in the intact loop; fi1l Junc-
tions 56, 57, and 48 were set at zero; and the valve in Junction 28 was
closed during the transient.

Heat slabs were used in the core (heat generatvon), in the steam genera-
tors (heat transfer between primary and secondary side), and in the reactor
vessel (representing the stored energy 1n the metal structures). Figure 1
gives the location of the different heat slabs. The RELAP4/MOD6 blowdown
correlations (subroutine HTS2) were used with Condie-Bengston 111 as the
f11m bo1ling correlation and the modified Tong-Young correlation for transi-
tion boiling. In the core, the W-3, Hsu-Beckner, and modified Zuber corre-
lations® were used as departure from nucleate boiling (DNB) correlations.

In the steam generator secondary side, the natural convection option was
used.

A1l the nuclear data concerning reactivity, scram, etc., were taken from
the "BE/EM study" report.2 The axial power profile for the system calcu~
lations gives a close representation of a "middle-of-1ife" core. In
Figure 2, the shape of the power profile is given as a function of the axial
position in the core. This shape is the same for the three system calcu-
lations.

a. All the correlations used in this analysis are incuded in RELAP4/MOD6
and are described in Reference 3.
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The three basic system calculations are referred to in this report as
the 70% power case, 110% power case, and 150% power case, where:

1. For the 70% power case, the temperature difference across the core
was 23.9 K and the total core generated power was 2296.63 MW, which
1s about 70% of the nominal power of the reactor.

ror the 110% power case, the temperature difference across the core
was 35.8 K and the total core generated power was 3540 MW, which is
about 110% nominal power of the reactor.

For the 150% power case, the temperature difference across the core
was also 35.8 K, but the core “low was increased 35%. The genera-

ted power was 4760.74 MW, which 1s about 150% nominal power of the

reactor.

Table 3 gives ihe maximum linear heat generation rate (MLHGR) for e
three core parts for the three calculations. The peaking factQr, maximum
linear heat generation Jivided by average linear heat generation, for the
three calculations 1s 1.17.

TABLE 3. MLHGR AT THREE LOCATIONS IN THE CORE FOR ZION 1 CALCULATIONS

MLHGR
(kW/m)

Heat Slab Location
Number in Core 70% Power 110% Power 150% Power

7 Bottom 15.56 23.98 32.25
8 Middle 18.68 28.79 38.72
9 Top 12.82 19.76 26.57

The fuel rods were modeled as three regions: the UO2 pellets, the
gap, and the zirconium cladding. The McUonald-Broughton gap conductance
model and the Cathcart-Pawel zirconium-steam reaction model were the major
selected options used in the system calculations.
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Table 4 gives a review of the main initi1al conditions used in the cal-
culations. A1l calculations simulated a 200% double-ended cold leg break
LOCA.

TABLE 4. INITIAL PLANT CONDITIONS FOR ZION 1 CALCULATIONS

Initial Conditions

Parameter 70% Power 110% Power  150% Power
Power [MW(t)] 2 296.63 3 540.0 4 760.74
Maximum power density (kW/m) 18.68 28.79 38.72
Axial peaking factor AT 1.17 1.7
Core inlet temperature (K) 549.8 549.8 549.8
AT across core (K) 23.9 35.8 35.8
Upper head fluid temperature (K) 564.2 571.3 571.3
Core mass flow (kg/s) 18 395 18 395 24 713
Pressurizer pressure (MPa) 15.42 15.43 15.43
Accumulator pressure (MPa) 4.21 4,21 4,21

2.2 RELAP4 Hot Pin Input Model

The nodalization and models for the RELAP4 hot pin input model are
described in this section.

2.2.1 Nodalization

The RELAP4 blowdown system calculation was used to generate the time-
dependent boundary conditions in the upper and lower plenum for a detailed
RELAPA calculation of a specific fuel rod (referred to as the hot pin calcu-
lation). Figure 3 is a schematic of the model for the hot pin calculation.
The model consists of 14 control volumes, 13 junctions, and 11 heat slabs.
Volumes 1 and 14 represent the lower ana upper plenum, respectively, for
which the time-dependent conditions were taken from a tape generated by the
system calculation. The heat slabs represent one fuel rod. The flow area
of the core volumes is equal to a square with dimensions of the pitch of the
fuel rods minus the area of one fuel rod (pitch, 0.0143 m; drameter of fuel
rod, 0.01072 m). The spacer grids of a fuel bundle are situated in
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Figure 3. Hot pin fuel rod model schematic diagram.
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Junctions 3, 5, 7, 9, and 11 and are specified by a form loss coefficient
in these junctions. A brief description of the control volumes is given in

Table 5.

TABLE 5. DESCRIPTION OF CONTROL VOLUMES FOR RELAP4 HOT PIN INPUT MODEL

Control Volume Description
1 Upper part of lower plenum
2 through 12 Core volumes with heat generation
13 OQutlet volune of the core
14 Upper plenum volume

2.2.2 Models

Basically, the models used for this RELAP4/MOD6 hot pin calculation are
the same as the models used for the system calculation. The compressible
flow equation was used in all the junctions, and all the volumes were assumed
to be homogeneous.

The heat transfer options used were the same as for the system
calculation. The RELAP4/MOD6 blowdown heat transfer package used the Condie-
Bengston correlation as the film boiling correlation and the modified Tong-
Young correlation for transition boiling. In the core, the W-3,

Hsu-Beckner, and modified Zuber correlations were used to predict DNB.

The 3.66-m-long core was divided into a stack of 11 heat slabs. The
power generated by each heat slab corresponded to the calculated power dis-
tribution for a single rod. In Figure 2, the power profile for the hot pin
calculation 1s given as a function of the axial location; this shape is the
same for all hot pin calculations and is representative for a "middle-of-
"ire" core. The peaking factor, Fz, for the power in this calculation 15
1.18 (Fz = maximum linear heat generation in the hot channel divided by
the mean linear heat generation in the hot channel). The total power gene-
rated ir. the hot pin was taken as 37% higher than the power generatec per
fuel pin in the system calculation. The peaking factor, FR, in the core
is 1.60 (FR = maximum linear heat generation in the hot channel divided by

13
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the mean linear heat generation in the average core). In Table 6, the MLHGR
for the different heat slabs is given for the three basic calculations.

TABLE 6. MLHGR AT 11 LOCATIONS IN THE CORE FOR ZION 1 CALCULATIONS

MLHGR
(kW/m)

Heat Slab Number 70% Power 110% Power 150% Power
1 (bottom) 15.80 24.35 32.75
2 19.31 29.76 40.02
3 23.20 35.76 48.09
4 25.28 38.97 52.41
5 25.49 39.29 52.84
6 25.56 39.40 52.99
7 25.47 39.26 52.80
8 24 .42 37.64 50.62
9 22.44 34.59 46.52
10 18.48 28.48 38.30

11 (top) 12.39 19.10 25.69

The temperatures used in the RELAP4 input for the fluid volumes are
related to the heat input from the hot pin. Therefore, there was a tempera-
ture jump across Junction 13 because Volume 13 had a temperature set by the
heat input from the hot pin while Volume 14, with conditions taken from the
system calculation, had a temperature set by the average core power genera-
tion. Due to the temperature differences in the core between the hot pin
and the system calculations, the fluid properties differed slightly. In
order to get the same pressure drop across the core, small changes in the
initial mass flux were made in the hot pin calculation compared to the system
calculation.

3. CALCULATIONAL RESULTS

This section gives results from the RELAP4 system and hot pin calcula-
tions for the three Zion 1 LOCA cases (70, 110, and 150% power cases).

14
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3.1 System Calculations

Three basic system calculations were done: the 70% power case (At
across the core, 23.9 K), the 110% power case (At across the core, 35.8 K),
and the 150% power case (At across the core, 35.8 K with a higher initial
core mass flow). The blowdown calculations were discontinued between 30 and
32.5 s after initiation of the blowdown. Around this time, there was an
increase in computer CPU time due to water packing in the lower part of the
reactor vessel downcomer. Table 7 gives the sequence of events as calcu-
lated fur the three system calculations.

TABLE 7. CALCULATED SEQUENCE OF EVENTS FOR ZION 1 CALCULATIONS

Time After Rupture

(s)
Event 70% Power 110% Power 150% Power
Blowdown initiated 0.0 0.0 0.0
Reactor scrammed 0.53 0.53 0.53
HPIS plus charging flow started 1.4 1.4 1.4
Pressurizer empty 9.3 9.3 9.3
Accumulator started 15.5 1.0 14.7
LPIS flow started 25.0 23.0 22.1

The tota)l ligquid mass in the reactor vessel, the maximum amount of
water the vesse] can contain below the bottom of the core, and the total
liquid mass delivered by the ECC systems are given as a function of time in
Figure 4. An extrapolation of the liquid mass in the reactor vessel shows
that somewhere betweea 33 and 37 s, there will be encugh water in the
vessel to f111 1t to the bottom of the heated core; therefore, this should
be a reasonable time to start a reflood calculation. The difference
between the increase in mass inventory in the vessel and mass delivered by
the ECC systems was bypassed to the cold leg broken loop. From 23 s into
the transient until the end of the calculations, the average amount of
bypassed ECC water was 42% for the 70% nower calculation and 35% for the
110 and 150% power calculations.

15
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Figure 4. Liquid mass in reactor vessel for Zion 1 calculations.
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The average core flow 15 given in Figure 5, and the inlet and outiet flow
of the core 1s given 1n Figures 6 and 7, respectivzly. Due to the high break
flows shown in Figures 8 and 9 there was an immediate flow reversal in the
core inlet flow (Figure 6) while the flow at the core exit decreased but did
not reverse. Therefore, the stagnation point of the flow was in the core
region. At about 0.5 s, the core started voiding, see Figure 10; from this
time on all the core flows decrease in the direction of zero flow. The
cladding temperatures of the three core parts are given in Figures 11, 12,
and 13. After about 1 s (for the 70% power calculation, 1.5 to 2.0 s), the
cladding temperatures increased steeply, because of the low flow, and
proceeded almost immediately to film boiling due to the high void fraction in
the core (first dryout of the core). At about 2 s, the whole core stagnated
and the void fraction in the core was oreater than 0.96. The cold leg flow
from ané to the downcomer and the average core flow are given for the three
calculations in Figures 14, 15, and 16. Moreover, in these figures, the
difference of the two cold leg flows is given. These figures also 1llustrate
that the increasing positive core flow after 2.5 s was caused by the cold leg
break flow being smaller than the pump flow delivery. This increasing core
flow caused a rewetting of the core and a fast decrease in cladding
temperature, A return to nucleate boiling in all cases, except for the two
.0p parts of the core in the 110% power calculation, 1s shown. In the 110%
power calculation, iihe positive core flow was not large enough to cause a
return to nucleate boiling, as witnessed 1 the 70% power calculation,
because of the higher stored energy. In th2 150% power calculation the
higher positive core flow (due to the higher pump speed) aused a complete
return to nucleate boiling for the entire core. The decrease in positive
core flow at about 5 s was initiatea by the intact loop pump, which started
to degrade at this point (Figure 17 gives the pump head for the intact loop
pumps). From about 5 s unti] somewhere between 10 and 15 s, there was a
steady decrease in core flow and voiding began 1n the downcomer and lower
plenum. During this time, the void fraction in the core increased
(Figure 10) and between 9 and 14 s (top of the core ear lier than bottom)
there was a second dryout. The accumulator flow started at approximately
15 s, and this caused a low pressure (due to instantaneous equilibrium n
RELAP4) in the cold leg intact loop. This low pressure was able to

17
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reverse the positive core flow to a smaller negative flow. The negative
core flow caused a slight decrease in cladding temperature for the 70 and
110% power calculations, but the negative flow in the 150% power
calculation was insufficient to decrease the cladding temperature (in all
cases the heat transfer was controlled by film boiling). In all cases,
when core flow was almost zero, a strong increase in cladding temperature
was noted at approximately 25 s.

For the first 5 s, the cold leg break flow for the 150 and 110% power
calculations was equal, while the 70% pwer cold leg break flow was less
(higher saturation pressure in the hot leg for 150 and 110% power calcula-
tions than for the 70% power calculation, see Figure 8). I!n addition to
the higher saturation pressure, another explanation for the hot leg break
flow differences was the speed of the pump in the broken loop. After 5 s
into the transient, the 70% power case had a larger break flow because
there was more water left in the system.

These system calculations concluded that the pump speed was an
important parameter for the maximum cladding temperature. The maximum
cladding temperature for the 150% power calculation was lower than
expected from the results of the 70 and 110% power calculations. The
higher pump speed caused an increased core flcw; therefore, a lower
maximum cladding temperature resulted. Moreover, there was a complete
return to nucleate boiling which did not occur for the 110% power
calculation.

3.2 Hot Pin Calculations

A hot pin calculation for each system was completed. In order to get
a hydraulic and energetic well balanced initial condition, some small
adjustments were made in the core mass flux compared to the system core
mass flux. The mass fluxes for the different hot pin and system
calculations are given in Table 8.
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TABLE 8. SYSTEM AND HOT PIN CALCULATIONS OF CORE MASS FLUX FOR ZION 1

CALCULATIONS
Core Mass Flux
(kg/s’n?)
Calculation System Calculation Hot Pin Calculation
70% power 3707 .4 3678.3
110% power 3707 .4 3627.3
150% power 4980.7 4873.7

One calculation was done with the same power as for the system calcula-
tion. Results from this calculation showed that the hydraulic behavior 1n
the hot pin calculation is the same as in the system calculation,

Results of the three hot pin calculations are given in Figure 18. In
this ploi, the temperature of the hottest spot in the core (heat Slab 7) 1s
given as a function of time. This figure shows that the hot spot tempera-
ture of the 150 and 110% power calculations were about the same during the
first 15 s of blowdown. The higher core flow (Figure 6) of the 150% power
calculation compensates for the higher stored energy. After 15 s, when
the core flows are small and the core is voided, the higher decay heat caused
a steeper temperature increase for the 150% power calculation. The hot spots
of the 150 and 110% power calculations did not return tc nucleate boiling
after the first dryout as did the hot spot of the 70% power calculation.

The time to reach first and second dryout, peak temperature, and quench-
ing as a function of the axial position in the core is given in Figure 19 for
the 70% power hot pin calculation. This figure shows that the entire upper
half of the core reached uniform DNB at the same time, while the lower part
of the core dried out later. The peak temperature was reached throughout
the core at the same time. Both the time to reach the peak temperature and
the time to reach the first dryout support the fact that the average flow n
the core was almost stagnant during the first few seconds. Quenching of the
core started from the bottom, due to the positive core flow, and the second
dryout started at the top of the core. The behavior of the 110 and 150%
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power calculations was cbout the same, but quenching and second dryout did
not occur for the upper part of the core. For this part, however, there was
a decrease followed by an increase in temperature after peak temperature was
reached.

4. COMPARISON OF ZION 1 CALCULATIONS WITH LOFT EXPERIMENTAL DATA

With the temperature difference across the core as a base, the 70% power
calculation can be compared with LOFT Experiment L2-2 and the 110% power
calculation with Experiment L2-3. The 150% power calculation had the same
temperature difference across the core as 1S planned for LOFT large break
Exper iment L2-4.

In this section, a comparison is made between data from LOFT Experiments
L2-2 and L2-3 and the 70 and 110% power calculations, respectively. In
Table 9, a number of the major parameters for Experiments L2-2 and L2-3 are
given together with the parameters for the 70 and 110% power calculations.
A map showing fuel rod position designations in the LOFT core 1s provided n
Figure 20.

TABLE 9. COMPARISON OF EXPERIMENT AND CALCULATION PARAMETERS

Experiment Calculation

Parameter L2-2 L2-3 70% Power  110% Power
System volume (m3) 7.22 7.22 355.7 355.7
Power [MW(t)] 24.88 36.0 2 296.63 3 540.0
Init1al core mass flow (kg/s) 194.2 199.8 18 395.2 18 395.2
Init1al core mass flux 1 181.0 1215.1 3 867.3 3 867.3

(kg/s-m<)

aT across core (K) 22.7 2.2 23.9 35.8
Core length (m) 1.68 1.68 3.66 3.66
Number of fuel rods 1 300 1 300 39 372 39 372
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TABLE 9. (continued)

Exper iment Calculation

Parameter L2-2 L2-3 70% Power  110% Puwer

Average linear heat genera-
tion rate (kW/m)? 11.4 18.0 15.94 24 .57
MLHGR (hot pin) (kW/m) 26 .40 39.0P 25.56 39.40
MLHGR (average pin)(kW/m) 15 .4€ 23.0¢ 18.68 28.79
Peaking factor (hot pin) 2.40 2.4b 1.60 1.60
Peaking factor (average pin) 1.4¢ 1.4¢ 1.17 1.17

a. Total generated power/total length of fuel rods.
b. Center fuel module.

c. Fuel kods 1C7 and 3C7 (see Figure 20).

The axial power profile from Experiment L2-2 (fuel Rod 5M3) and the 70%
power hot pin calculation is given in Figure 21. These two profiles are
characteristic of the axial power profiles for both the Zion 1 calculation
and the LOFT experiments. The power profile in the Zion 1 calculation repre-
sents a “middle-of-1i1fe" core; the LOFT core has a sharper profile and 1s
skewed to the bottom of the core. Results of LOFT Experiments L2-2 and L2-3
are given in References 7 and 8.

Main conclusions from LOFT Experiment L2-2 are:

1. There was a core-wide rewet ending at about 8 s into the transient.
This early rewet was caused by resumption of the positive core flow
at 2.5 s into the transient and by introduction of relatively cold
water from the intact loop cold leg into the core region. The
general pattern of the rewetting between 6 to 8 s was from the
bottom of the core upward.



EGG-LOFT-5093

doo| uaxoig

*sudtjeubisap uotrjtsod poa |any Buimoys dew 3u0d 1407

1069 V- 13INI
b D e22002202 ko
D@E dooj joeju
dooy 1oe1u| Joo00000000 ! (R
8 ololeIolcRolo] HOIO) 2 O
ol¢ clololo] delololole] ) OO
POEREOEOOCEEOE ool »
paololelo clolelolelelololelo) EPEEE
ROl ICIele clole lelle olelel ik, ool e
VOEEOCEOE®OOEEEOOVOEEEPEEEEOE
lolel dele SIoT NeIIeIDISIoNS) ool yoleolole
ol dloldisle ololelc] delololelol NelTiolc Olololo]l MOIOIC
IO@@EHOEEOOEOOM0OOEEOOEEEEO®OEOE\
.@@@Q@@QOeeOQ@OO@@@Q@@OQnn®e®®e®®©.
@@E@OO@HEEOEEEOEOEOEOEEEECEANEEEOOEEOBE
AEEREE®E oﬂ%ogngenooooeunﬂnnnnaaoo..ngr
) () () () () (m) () () (5 () () (o) Coalem) (on) (o) (0 (@) () () (m) o) () () () ©) ) A @ @ @ O @ @ W D D @D W @ @ &
O@@@O@@@@@@@ FEEOOEOEEEEOEEOECREOEEOEEOEEEE®®E
O] JEICT MEICIOT MSIET BTIE el dslel dololel Malc] oI SIS elel HOoIole] olol Holo
O@@@@?Q@@OOOw clelcisisiolol ilcIPelelRlele, Clelclclololo] Malolololololo

plelolel olplolclc deleicle ofelclol dololelclel Iclelcic SIciaicl /SIolelolol HolCIolo
DEOEEEOEEPOCOONEOOHOOEOOO0HHOOEO000OCO0OE
elelololololelololololololeld CIOICIGICIeIOICIOTeIOIOIOION0, S1e TS IC Ic T TolelOlOIOICRIOL0
slalel VOIOIO! ICICICT vielele OIOICT lelelel elelel IOIOIC elelel MCICIOL JOICICE UelelS
plelololclololelCICICIEITION: elolclelolelolelolelelolololc, OleIoIoICIOIOIOl0L00I0l0Lele
plel Nelololelelelclelal ioIc, OICl 1810ICTOIeIel0ICTOl 1O00 a0 420 4 e 4atololol HOLO
elolel olelelols Helelsls oIcIClol iololetolol MOIelclo SIsizle L M IoICIolol HolTiold
,®O©©®®O®®®®®®)0@@@@0@0@0@0(00c@@@@@@ﬁ@@@@@@.
HEOBEO el clc ool lelel lololol Ielol iolo =15 Tale IeT N lolel uedol HolC
OOOOOC ®®®(0@®O@®®®@®@@@@0 0060600 RRReAH

.D@mm.m @®O®®®E®®0)

fU

)OO@

®®®®®OOO®®®®
<3 4ol dolelcl cicl y
0800V 0ROO0®

{ 1 P :

C

HOONOOD
OBDODOO®
HOPDODO®D

HOOEMOOODM
HOOMODODO®
S IOl
- e w0

POOOOO®®

QOO®O®®® OO
OOOHOQ()(H)Q
®
©
@

(]
®
@
©
©
®
]
®
®
TOOOOOD
ﬂ@@@@@@@OOOU

Nolhlololohlolelololeln Ol

62y 10y o@@@O@CQO@@@@

DO OOOC®ODO®E @ OK)

‘02 34nbi 4

aqm epine @)
pajuAWNISuUIUN
uid (1)
—4
™
uid
pajuswnisuyl
aqn} apinY

Aax uonesynuap|

:




E GG-LOFT-5093

-
e

24 T T

————— LOFT Experiment L2-2 (fuel Rod 5M3) \
— ZiON 1 calculation \\
\
04 \ -
2 1Y
\
N\
N
0 1 1 L 1 J
0 0.2 0.4 0.6 0.8 1.0
Elevation normalized to core length 'NEL-A-14 666

Figure 21. Axial power profile for Experiment L2-2 and Zion 1, 70% power
hot pin calculation.
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2. There was a second dryout of the core between about 12 and 20 s
into the transient (starting time depends upon the axial location
in the core). A number of thermocouples underwent a rewet after
the second dryout. The entire core was reflooded after about
55 s into the transient.

Next is a comparison of data from LOFT Experiment L2-2 and the 70%
power calculation for the Zion 1 plant. The two LOFT volume-scaled
calculated break flows from the cold leg and hot leg are compared with the
measured mass flows in the cold leg and hot leg of the broken loop during
Experiment L2-2 in Figures 22 and 23. The cold leg break flow indicates
good agreement; however, the calculated hot leg break flow is higher
during the first 10 s of the transient than the measured flow. The reason
for this difference s the active running pump in the broken loop in the
calculation and the passive pump simulator in the experiment.

A detailed comparison between calculated total ECC system flow and
measured flow 1s difficult because there were two nonqualified measured
mass flows (maximum accumulator mass flow as measured by the orifice was
approximately 48 1/s and as measured by the liguid level detector in the

accumulator was about 60 1/s). The maximum calculated accumulator mass
flow was 47 1/s.

The above comparisons conclude that the external occurrences, loss and
addition of fluid to the system, were about the same for the experiment and
the Zion 1 calculation.

Figure 24 shows the pressure (esponse in the hot leg of the intact
loop for both the calculation and Experiment L2-2. This figure indicates
that the subcooled depressurization was lower in ‘he calculation than in
the experiment. This is due to the initial temperature being 8 K lower 1in
the calculation. The overall behavior of the pressure was approximately
the same.
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Figure 22. Break mass flow in the cold leg for Experiment L2-2 and
scaled break mass flow for Zion 1, 70% power calculation.
400. T T T
(o] 70% power ca8lculdtion
4 LOFT exper iment L2-2
300. F
»
~
x
3 200,
0
w
w
©
£  100.
0., B ‘
0.0 10.0 20.0 30.0 40.0
X'M. af ~r rupture {s)

Figure 23. Break mass flow in the hot leg for Experiment L2-2 and scaled
break mass flow for Zion 1, 70% power calculation.
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Figure 24. Pressure in intact loop hot leg for Experiment L2-2 and

Zion 1, 70% power calculation,
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In Figure 25, the calculated average core mass flow is compared with
the momentum flux as measured in Experiment L2-2 in the upper plenum, just
above the core. The measured momentum flux has been qualified as trend
data. The behavior of the momentum flux was close to the behavior of the
calculated core mass flow. DOuring the transient, there was a small
positive flow between O and 2.5 s, an increase in the positive core flow
with a maximum flow at around 5 to 6 s, followed by 2 gradual decrease in
the flow. At the start of accumulator injection into the system, there was
again a zero or small reversed flow. The decrease of core mass flow after
5 s into the transient was caused by the pump delivering less mass to the
vesse] because of two-phase degradation in the intact loop pump.

An important factor for the core mass filow, especially after the core
started voiding, is the difference between the intact and broken loop cold
leg flows. Figure 14 shows that between 3 and 6 s the calculated cold leg
intact loop flow was larger than the calculated break flow; therefore, a
surplus of relatively cold water was delivered to the core. This slug of
cold water was important for the rewetting after 5 to 6 s. The difference
in mass flows between the two cold legs, calculated and measured in Experi-

ment L2-2, 1s shown in Figure 26 and indicates that the behavior was about
the same.

A comparison of the measured and calculated densities in the hot and
cold legs of the intact and broken loops 1s shown 1in Figures 27 through
30. Comparisons of measured and calculated cladding temperatures are shown
in Figures 31 and 32 for the 70 and 110% power calculations, respectively.
In Figure 31, the calculated hot pin cladding temperatures, for the 70%
power calculation, at four axial positions are compared with the measured
hot spot temperature (Rod 5J4 in the center fuel module at 0.76 m above
the bottom of the core) from Experiment L2-2. In Figure 32, the cal-
culated hot pin temperatures, for the 110% power calculation, at four axial
locations are compared with the measured hot spot temperature from LOFT
Experiment L2-3 (Rod 5J4 in the center fuel module at 0.76 m above the
bottom of the core). Comparison of the calculated data for the system
calculations (representative for the average core) give the same trends;
however, it is hard to define which fuel rod was representative for the
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Figure 25. Average core scaled mass flow for Zion 1, 70% power
calculation and momentum flux in upper plenum for Experiment
L2-2.
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Figure 26. Mass flow difference between intact and broken loop cold legs

for Experiment L2-2 and scaled mass flow difference for
Zion 1, 70% power calculation.
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Figure 27. Density in intact loop hot leg for Experiment L2-2 and
Zion 1, 70% power calculation.
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Density in broken loop hot leg for Experiment L2-2 and
Zion 1, 70% power calculation.
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Figure 29. Density in intact loop cold leg for Experiment L2-2 and
Zion 1, 70% power calculation,
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average rod. Fuel rods in the center of the outer, sguare fuel modules
have about the average power but a number of them rewet after 5 s, while
others did not. In the calculation, all the fuel rods representing the
average pin rewet., Wher there was a rewet shown in the experimental data,
the peak temperature was close to the calculated temperature. In the cal-
culation, there was a second dryout between 13 and 14 s into the transient.
In Experiment L2-2, there was a second dryout (or first if there was no
early DNB) between 12 and 30 s.

It is concluded from the comparison of the Zion 1 calculations with
LOFT experimental data that the calculated hydraulic behavior in Zion 1
was close to the hydraulic behavior seen in Experiment L2-2. The cladding
temperature behaviors of the calculation and Caperiment L2-2 were quite
close; however, the Zion 1 calculation with Experiment L2-3 initial condi-
tions did not show as strong a rewet tendency at the hot spot of the core
as did Experiment L2-3. Differences in temperature response can probably
be attrituted to the different power profiles for LOFT and Zion 1.

5. SENSITIVITY STUDIES

The sensitivity studies are divided into three main parts. The first
part gives information about the influence of specific RELAP4 code options
on a LPWR LOCA blowdown calculation. Calculations were done with a differ-
ent f1lm boiling correlation and with changes in the break flow muitiplier
and the transition region for the break flow. These calculations were done
for the case with nominal plant conditions, and the results are compared
with the base calculation described earlier in this report.

The second part consists of a pair of calculations which investigated
the influence of the pressurizer level and the steam generator des‘gn on a
LPWR LOCA calculation.

The third part consists of a number of calculations performed to answer
the question: "Are the calculations described in the first part worst case
accidents for this kind of a LOCA?" Different axial power profiles and the
maximum allowable hot leg temperature cases were calculated. Some final
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calculations were cone to provide information for future planning of experi-

ments in the LOFT large break experiment series (L2 series). Differert pump

operation and some changes in initial mass flow were the parameters for these
final calculations.

5.1 Code Options

The RELAP4 pretest prediction for LOFT Experiment L2-2 gave a reasonable
prediction for the hydraulic behavior of the system; however, the thermal
response of the core was much too conservative.4 The cladding temperature
predictions showed ONB 2t the same time as in the experiment, but there was
no rewet after about 5 s and the predicted temperature level wa: much higher
than the temperature level in the Jxperiment. To achieve a better agreement,
the following major changes in the RELAP4 options wers made for the posttest
analysis:

1. A multiplier of 1.0 had been used for the cold leg break flow;
this multiplier was applied to both the saturated and the sub-
cooled part of the critical flow. In the posttest analysis, a
multiplier of 0.848 was used for all qualities of the cold leg
break flow.

2. The transition region between subcooled critical flow and the sat-
urated critical flow had been defined as between 0.0 and 2.0%
quality. 1 the posttest analysis, this transition region was
decreased to values between 0.0 and 0.25% quality.

3. The correlation used for high flow film boiling had been the
Groeneveld correlation. In the posttest analysis, the Condie-
Bengston correlation was applied for this regime.

These changes, together with other minor changes, gave a much better
prediction of the thermal behavior of the core for LOFT Experiment L2-2.9
The major contributor of this improved prediction was the transition region
change. The new transition region caused a significantly higher core flow
which gave the same early rewetting as seen in the experiment.

42



EGG-LOFT 5093
To nvestigate the influence of the above mentioned option/parameter
changes on the Zion 1 calculations, a sensitivity study was done for the

70% power calculation.

5.1.1 Groeneveld Film Boiling Correlation

Using the RELAP4/MOD6 blowdown heat transfer package, there is an
option of the Condie-Bengston correlation or the Groeneveld correlation for
the high flow film boiling heat transfer. Usually the Condie-Bengston
correlation will yield larger heat fluxes than the Groeneveld correlation.
To investigate the sensitivity of the cladding temperature of the fuel rods
for this film boiling heat transfer correlation, both system and hot pin
calculations for the 70% power case were done. Results of these calcula-
tions are shown in Figures 33 and 34. In Figure 33, the hot spct tempera-
ture (heat Slab 7 in the hot pin calculation) is given and in Figure 34 the
cladding temperature of the middie part of the core is given for the system
calculation (this temperature 1s representative for the average core). The
calculations show that change of the film boiling correlation from Condie-
Bengston to Groeneveld had no effect on the core mass flow.

Because the Condie-Bengston correlation transfers more heat to the
coolant, the temperature peak during first dryout was lower and it returned
earlier to nucleate boiling than in the calculation with the Groeneveld
correlation. The second dryout occurred at about the same time, but the
decrease in temperature, which i1s seen in the Condie-Bengston correlation
after about 17 s, 1s not seen in the Groeneveld calculation due to the
higher heat fluxes given in the Condie-Bengston correlation than in the
Groeneveld correlation.

5.1.2 Break Flow Multiplier and Transition Region

In the LOFT Experiment L2-2 posttest analysis.9 the break flow

multiplier and in particular, the transition region, had a big influence

on the core mass flow and, therefore, on the heat transfer in the core. In
RELAP4, the possiblity exists to multiply the junction area by a certain
number (CONCO on the junction data cards). In this calculation, the
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Figure 33. Hot spot cladding temperature calculated for Zion 1 using
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correlations.
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contraction coefficient was used as a multiplier for the flow area of the
break junction and 1t can be seen as a multiplier for the critical mass
flow. One calculation has been done for the 70% power case system
calculation in which the contraction coefficient for the cold leg break
Junction was changed from 1.0 to 0.8.

Using a critical flow model, the transition region has to be
specified. This transition region 1S a quality region in which a smooth
transition between a critical flow model for subcooled and saturated
conditions was established. A calculation has been done ir which the base
case quality trc.sition region was changed from 0 to 0.25% into 0 to 2%.
Comparisons of the base case 70% power system calculation with the two
above mentioned calculations are shown in Figures 35 through 38.

5.1.2.1 Break Flow Multiplier. The break flow multiplier of 0.8
instead of 1.0 was used only in the cold leg. The hot leg contraction
coefficient has not been changed. The hot leg and cold leg break flows
are given in Figures 35 and 36. Use of the 0.8 multiplier gave, as
expected, a smalier mass flow from the cold leg break (Figure 36).

Because less water was leaving the system, the system pressure tended to
be higher (especially after the pressurizer was empty), and this is one

of the reasons that the hot leg break flow was higher after about 9 s into
the transient (Figure 35). Figure 37 gives the average mass flow in the
core. The larger core mass flow compared to the base case calculation was
due to the smaller flow from the cold leg break, an almost unchanged and
even higher mass flow from the hot leg break, and an unchanged delivery
from the pumps to the downcomer. The overall balance of these three

flows gave a higher core mass flow in the positive direction. The
temperature response of the middle part of the core is given in Figure 38.
The higher core mass flow and, therefore, the greater heat transfer in the
core caused an approximate 30 K lower peak temperature at 3.5 s into the
transient. The return to nucleate boiling was at about the same time,

but also, due to the higher core mass flow, the seccond dryout started
about 4 s later. The top part of the core behaved in the same way as
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Figure 35. Break flow in the hot leg for Zion 1, 70% power base case,
break flow multiplier, and transition region calculations.
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Figure 36. Break flow in the cold leg for Zion 1, 70% power base case,

break flow multiplier, and transition region calculations.
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the middle part. In the lower part of the core the higher core mass flow
was able to transfer more heat; therefore, this part did not have an early
DNB, and the first dryout occurred at about 17 s into the transient.

5.1.2.2 Transition Region. The change of transition region from 0 to
0.25% quality to 0 to 2% quality for all locations where choking occurred
had only a small effect on the critical break flows (Figures 35 and 36).
This effect only occurred during the time that the break flow was in the

transition region and a short period thereafter (between 2.5 and 7 s into
the transient). The changes in the break flows were small and had no
influence during the rest of the transient. The core mass flow was lower
during this period (Figure 37) but was still high enough to cause a rewet-
ting. In Figure 38, the peak cladding temperature in the middle part of
the core was shown as almost not affected, but the smaller core flow gave a
l-s delay in returning to nucleate boiling. The temparature behavior for
the rest of the transient was exactly the same as for the base case
calculation.

The conclusions from the sensitivity calculations to study the effect
code options might have on a LPWR LOCA blowdown calculation are as follows.

l. A change of break flow multiplier in the cold leg from 1.0 to 0.8
gives a higher positive core mass flow while the peak cladding
temperature (average core) i1s about 30 K lower.

The change in the transition region from 0 to 0.25% quality to 0
to 2% quality gives a lower core flow in the first period of the
blowdown, and the early rewetting occurs about 1 s later with no
effect on peak cladding temperature.

5.2 Plant Conditions

The second part of the sensitivity studies consists of calculations
to investigate the influence of the pressurizer level and steam generator
design on a LPWR LOCA calculation.
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5.2.1 Pressurizer Water Level

To investigate the influence of the pressurizer level on the behavior
of the system under LOCA conditions, a calculation was done in which the
initial pressurizer water level was 10% higher than in the normal case.

The calculation was done for the 110% power base case system calculation.
In the base case calculation, the initial pressurizer level was 8.95 m, and
in the new calculation, 9.85 m. Results of the new calculation compared
with the base case calculation are given in Figures 39 and 40. Oue to the
higher level in the pressurizer and the choked flow from the pressurizer to
the system, the pressurizer emptied about 1 s later. This delayed empting
of the pressurizer had a small effect on the core mass flow between 9.5 and
10.5 s (tne faster decrease of the core mass flow after the pressurizer was
empty also happens 1 s later for the new calculation) (Figure 39). The
effect on the peak cladding temperature in the middle part of the core 1s
negligible, as shown in Figure 40.

A conclusion from this calculation is that a 10% higher water level in

the pressurizer has almost no influence on the temperature response in the
core.

5.2.2 Steam Generator Heat Transfer

With the Zion 1 RELAP4/MOD6 model (110% power case) as a base, a few
calculations were done to investigate the influence of the steam generator
geometry on the overall system behavior after a LOCA.

The base calculation (called Calculation Case 1) was a 200% double-
ended cold leg break in the Zion 1 reactor at a power level of 3540.0 MW
(calculation is described in Section 2.1 of this report).

Three additiona) calculations were done as follows:

1. Using the same geometry for the two steam generators, the steam

generator tube material was changed from Inconel to Type-316
stainless steel. For this material change, the change n heat
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Figure 39. Average core mass flow for Zion 1, 110% power base case
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capacity was small, but the change in thermal conductivity was larger.
Table 10 gives the heat capacity and thermal conductivity for the
477-t0-588-K temperature range. The calculation with this matorial change
is called Calculation Case 2.

TABLE 10. HEAT CAPACITY AND THERMAL CONDUCTIVITY FOR STEAM GENERATOR TUBE

MATERIAL
Heat Capacity Thermal Conductivity
(Ws/k'm>) (W/k"m)
Temperature
(K) Type-316 ss Inconel Type-316 ss Inconel
477.6 4.098 10-6 4.099 10-6 15.66 17.51
588.7 4,333 10-6 4.276 10- 17.12 19.87

2. The calculation was repeated using the steam generator with a
different geometry of the tubes and a different number of tubes,
but with the same tube material as for the base case calculation
(Inconel). This is called Calculation Case 3. Table 11 gives
the geometrical data of the steam generator for this case.

3. The calculation was repeated modeling the steam generator with
the same geometry as the LOFT steam generator and the same tube
material (Inconel). This 1s called Calculation Case 4.

Table 12 gives the geometrical data for this case.

To achieve a well balanced system at time 0.0, the temperature
in the primary and secondary sides of the steam generator had to be
adjusted. Tabie 13 gives the temperatures for the different calculation
cases (the volume index is the volume number used in the RELAP4 model,
Figure 1).
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TABLE 11. STEAM GENERATOR GEOMETRICAL DATA FOR CALCULATION CASES 1 AND 3

Calculation Calculation
Parameter Case 3 Case 1
Inner diameter of tubes (m) 0.0227 0.0197
Quter diameter of tubes (m) 0.0257 0.0222
Number of tubes ~v2 430.0 ~3 250.0
Heat transfer area (total):
Primary side (m?) 3 668.9 4 237.0
Secondary side (ml) 4 153.5 4 784.2
Hydraulic diameter for primary side (m) 0.0227 0.0197

TABLE 12. STEAM GENERATOR GEOMETRICAL DATA FOR CALCULATION CASES 1 AND 4

Calculation Calculation
Parameter Case 4 Case 1
Inner diameter of tubes (m) 0.0102 0.0197
Quter diameter of tubes (m) 0.0127 0.0222
Number of tubes w12 050.0 v3 250.0
Heat transfer area (total):
Primary side (m) 8 168.5 4 237.0
Secondary side (m?) 1 059.8 4 784.0
Hydraulic diameter for primary side (m) 0.0502 0.0197

For the calculations, no changes were made in secondary feed water
conditions or in the volume and junction data. Caiculation Case 2 wa, run
until 17.5 s into the transient, the remainder of the calculations were
carried out to 20.0 s.

The average core mass flow is given in Figure 41, and 1t is clear from

this figure that the influence of the steam generator changes on the
average core mass flow are negligible.
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TABLE 13. ADJUSTED TEMPERATURE IN PRIMARY AND SFCONDARY SIDES OF THE STEAM

GENERATOR
Temperature
(K)
Calculation Calculation Calculation Calculation
Vo lume Case 1 Case 2 Case 3 Case 4
3 and 15 576.4 576.7 576.8 576.1
4 and 16 561.7 562.2 562.3 561.1
6 and 18 §53.2 553.2 553.3 552.8
27 and 28 539.11 537.25 536.78 540. 54

The surface temperature of the middle part of the core is given in
Figure 42. The maximum cladding temperature in the core was, for the change
to the LOFT geometry, about 30 K lower than in the base calculation; the
other two calculations gave a very small increase in cladding temperature.
This trend was maintaine¢ during the first 20 s of blowdown.

Figures 43 and 44 show the total heat added to the primary coolant
systei by the steam generators. From these figures, it is clear that the
time at which the steam generator started to put heat into the primary
coolant system was only affected for Calculation Case 4 (LOFT geometry).
For the intact loop, this time changed from 12.5 to 11.5 s into the
transient.

The conclusion from this calculation is that changes i1n the steam
generator geometry show only a minor influence on the system thermal-
hydraulics during the rirst part of blowdown for a large pipe break in a
LPWR.

53



E GG-LOFT.5093

20000.{

T i T

0O Zion ste2m gener8tors

A& Zion ste8m gener8tors
with ss 316 tubes

O Zion ste@8m generB8tor
Wwith fewer tubes
having larger di8meters

+ Zion ste@m gener@tor wWith

s 10000. F LOFT steam gener8tor geometry .
<
T
o
'5’. 0.
o
x
-10000. - - -
0.0 .0 10.0 15.0 20
Time after rupture (s
Figure 41, Calculated average core mass fiow in middie part of core for
Zion 1, 110% power case to illustrate the influence of steam
generator geometry.
1000. T T Y
0 Zion ste@m gener@tors
8 Ziorn ste8m generB8tors
with ss 316 tubes
- 900. F O 2Zion ste@m generdtor =
x* Wwith fewer tubes
having l8rger diameters
v + Zion ste8m gener8@tor with
. LOFT steam gener8tor gecmetry
. 800. F -
©
.
v
a
a
e  700.
v
v
o
5 600.
n
500. . - -
0.0 5.0 10.0 15.0 20.0
Time after rupture (s
Figure 42. Calculated fuel rod cladding surface temperature in middle

part of core for Zion 1, 110% power case to illustrate the
influence of steam generator geometry.

54

.0



EGG-LOFT 5083
2600.

T : T
x

r 0

°

©

.

s ~2500,.

.

.

S 0 Zion ste8m generators

. 4 Zion ste@m gener8tors

- with ss 316 tubes
- =5000 O Zion ste8m gener8tor -
© ' with fewer tubes
2 having larger di@meters
+ Zion ste8m gener8tor with
LOFT steam gener8tor geometry
-7500. . . .
0.0 5.0 10.0 15.0 20.0
Time &fter rupture (s)

Figure 43, Caiculated total heat transfer rate in the steam generator to
the primary system intact loop for Zion 1, 110X power case to
illustrate the influence of steam generator geometry.

3000. T T v
O Zion steam gener8tors
& Zion ste&m gener8tors
with ss 316 tubes
- 2000. F O Zion ste8m generator al
% With fewer tubes
- having larger diameters
+ Zion ste@m gener8tor wWwith
.. LOFT steam gener8tor geometry
© 1000. o -4
“
.
v
-
c 0
©
S
©
® “000.
P 4
-2000. - - -
0.0 5.0 10.0 15.0 20.0

Time a8fter rupture (s)

Figure 44, Calculated total heat transfer rate in the steam generator to
the primary system broken loop for Zion 1, 110% power case to
illustrate the influence of steam generator geometry.

55



EGG-LOFT 5093

5.3 “"Worst Case" and Experiment Planning Calculations

In addition to RELAP4 calculations for the Zion 1 plant operating under
the same initial conditions as was established in LOFT for Experiments L2-2
and L2-3, other calculations were dene to study the sensitivity of the system
behavior for different plant conditions as follows:

Calculations to study the influence of the shape of the axial
power profile on cladding temperatures (Experiment L2-3 initial
conditions, 110% power case)

Calculations to study the influence of hot leg temperature on the
system behavior (Experiment L2-3 initial conditions, 110% power
case)

Calculations to study the influence of pump operation (coast
down or blocked) on system behavior (Experiment L2-3 initial con-
ditions, 110% power case)

Calculation of system behavior under initial conditions planned
for Experiment L2-4, however, with a mass flow equal to Experi-
ment L2-3 nitial conditions.

The goal of Calculations 1 and 2 was to determine if the base case
Zion 1 calculation is representative for the worst case under "normal® plant
conditions. Calculations 3 and 4 can be used in defining initial conditions
for LOFT Experiments L2-4 and L2-5. A1l the calculations were stopped
between 20 and 30 s into blowdown; therefore, only the first phase of blow-
down was investigated.

A schematic of the RELAP4 model used for the system calculations 1is
shown in Figure 1, and a schematic of the model for the hot pin calculations
is shown in Figure 3.
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5.3.1 Axial Power Profile

Four hot pin calculations (Zion 1, 110% power case at Experiment L2-3
initial conditions) were done to study the influence of the shape of the
axial power profile on the surface cladding temperature. The shape of the
four different power profiles is given in Figure 45. The total generated
power for a fuel rod was the same for the four calculations (122.281 kW »
MLHGR = 39.4 kW/m). The RELAP4 system calculation used as the boundary con-
dition for these hot pin calculations was the base case Zion 1 system calcu-
lation (110% power case). In this system calculation, the axial power pro-
file (represented by three heat slabs) had the same profile as used in the
hot pin calculation (Run 00, Figure 45). Power profiie Run 00 from Figure 45
is the base hot pin calculation described n Section 2.2 of this report.

The temperatures calculated agree with the axial power profile (a
higher local power gives a higher cladding temperature). The hot spot for
all calculations was heat Slab 7. Figure 46 gives the hot spot fuel rod
cladding temperature as a function of time for the four calculations. From
Figure 46, it is clear that the base case Zion 1 calculation (Run 00) gave
the highest peak cladding temperature.

A conclusion from the calculations is that the base case Zion 1 calcu-
lation (110% power case, Run 00 in Figure 46) gives the highest peak clad-
ding temperature for different profiles with the same maximum linea eat
generation and the same total generated power.

5.3.2 Hot Leg Temperature

The base case Zion 1 system calculation for Experiment L2-3 initial
conditions (110% power case) was done . .ch a hot leg temperature of 585.6 K.
Specifications of the Zion 1 plant allow the maximum hot leg temperature
under normal conditions to be 598.2 K. To investigate the influence of the
hot leg temperature on the system behavior, a system calculation was done
with a hot leg temperature of 598.2 K. For the calculation, the hot leg
temperature was set to 598.z K (base calculation, 585.6 K) and the power and
the mass flow were maintained at base case Zion 1 Experiment L2-3 initial
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conditions. The steam generator removed all the generated heat; therefore,
the cold leg temperature was set to 564.5 K (base calculation, 549.8 K). The
temperature difference across the core was 2.2 K smaller than for the base
case calculation.

Some results of this calculation are compared with the base case Zien 1
system calculation (110% power case) in Figure 47.

Due to the higher saturation pressure, more mass left the system the
first .econd; therefore, the system depressurized faster during the first 1
or 2 . than was shown by the base case calculation (Figure 47). Also, because
the .old leg temperature was closer to the hot leg temperature than in the
bar2 case calculation, the cold legs saturated earlier. Therefore, the mass
1.aving the system through the cold leg break decreased faster from 2 until
+ & into the transient and the pump degraded earlier at about 6 s, see
“igures 48 and 49, respective'’y. These factors caused the balance between the
two cold leg flows to be shifted, see Figure 50. Initially the sum of the two
flows was larger (less mass leaviag the cold leg break); later the sum was
smaller (earlier pump degradation in the cold leg intact loop). The average
core mass flow for Volume 40, shown in Figure 51, behaved the same as the sum
of the two cold leg flows. Figure 52 shows the cladding temperature at the
middle part of the core. The peak temperature was slightly higher (about the
same amount as the hot leg temperature increase), and the peak was reached a
little bit earlier (shifted core mass flow). Between 8 and 16 s into the
transient, the core flow in the new calculation was closer to zero and the
second temperature increase occurred earlier and gave higher temperatures.

From these calculations, it is concluded that a higher hot leg tempera-
ture has only a small influence on the peak cladding temperature in the
middle ~f the core during the first part of blowdown. The influence on the
temper cure after the first peak is larger because of a smaller ~verage core
flow; however, the trend is the same for both calculations.

5.3.3 Pump Operation

To investigate tae influence of the pump operation on the system
behavior, three aduitional Zion 1 (110% power case) system calculations
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were done. These calculations are compared with the base case calculations
described in Sections 2.1 and 3.1 as follows:

1. Base case calculation

both pumps are powered during the entire
transient and keep running

2. Run 0301 - intact loop pump coasting down, broken
loop pump running

3. Run 0302 - intact loop pump coasting down, broken
loop pump blocked

4. Run 0303 - intact and broken loop pumps blocked.

A blocked pump in the broken loop in the LOFT system was simulated by
a high hydraulic resistance in the pump simulator, while a running pump was
simulated by a low hydraulic resistance. in LOFT, there is no possibility to
block the pump in the intact loop. The calculations were stopped at 20.0 s
into the transient. Figure 53 gives the typical pump speed for the different
kind of pump trips. Figures 54 and 55 compare the hot and cold leg break
flows from the four calculations. Figure 55 shows that the cold leg break
flow was only affected by the intact loop pump. There was almost no differ-
ence in the cold leg break flow for a running pump and a pump coasting down.
A blocked pump in the intact loop had a large influence on the cold leg
break flow and gave a much smaller break flow (Figure 55).

Figure 56 shows the intact loop cold leg mass flow. As expected, the
blocked pump in the intact loop gave the smallest mass flow. There was a
slight difference in the mass flow in the intact loop for the pump coasting
down (Runs 0301 and 0302) and the running pump (base case calculation).

Figure 57 shows the sum of the two cold leg mass flows. This sum is
important because it gives the mass flow which was available for the core.
The behavior of this summed flow was about the same for the running pump and
the pump coasting down in the intact loop. The influence of the broken loop
pump on this summed flow was very small; calculation Run 0301 (broken loop
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case calculation and for calculations with the pumps in
various operating modes.
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pump running) and Run 0302 (broken loop pump blocked) gave the same summed
flow. The blocked pump in the intsct loop gave a completly different
behavior in which there was no flow from the cold leg available for the
reactor vessel during the transient. The summed flow indicated that during
the entire transient the mass was taken from the vessel.

Figure 58 shows the average core flow in the middle volume of the core.
The behavior of this flow was the same as for the sum of the iwo cold leg
flows for all calculated cases (Figure 57).

Figure 59 gives the cladding temperature for the inddle heat slab in

the core. The behavior of the cladding temperature was as expected from the
core mass flow.

The most severe accident, which gives the highest peak cladding temper-
ature, is a LOCA with a pump coasting down in the intact loop. The blocked
pump in the intact loop which does not allow positive core flow to be rees-
tablished is less severe because of sufficient core flow to cool the core.

Considering the close connection between the average core mass flow and
the cladding temperature, a partial blocking of the intact loop pump could
be occurring which causes a core mass flow very close to zero during the
entire transient and possibly will lead to high temperatures in the core.

5.3.4 Zion 1 Calculations at Experiment L2-4 Conditions with Low Mass Flow

It is not possible to run LOFT Experiment L2-4 with the same mass flow
as in Experiment L2-3 and a power of 50 MW because of safety considerations
of the plant. It is perhaps possible to satisfy the plant safety require-
ments a 1 perform the experiment with the lower mass flow and 50 MW power if
the system temperature is lowered. Three calculations were done with 50 MW
power, low mass flow, and cold leg fluid temperatures of 549.8, 532.2, and
516.5 K. When the system was balancec, the core temperature differences
across the core for the 549.8-, 533.2-, and 516.5-K cases were 47.0, 49.9,
and 52.3 K, respectively. The results of the calculations confirm the
results of the Zion 1 calculation (110% power case) with increased hot leg
temperatures discussed in Section 5.3.3.
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Figqure 60 shows the cold leq break flow, and the average core mass flow
for the middle volume of the core is shown in Figure 61. Figure 62 shows the
pressure in the upper plenum. The average core mass flow, again, reflects
the behavior of the cold leg break flow. Between 4 and 7 s into the tran-
sient, the break flow for the lowest temperature was the largest and, there-
fore, the core mass flow was the smallest. Figure 63 shows the cladding
temperature in the middle part of the core. The peak temperature at about
3 s was lowest for the lowest hot leg temperature, but the first cooldown of
the core which occurs after about 6 s was considerabl’y less for the lower
hot leg temperature. Because less heat was transferred from the core during
the first 10 s, the later part of blowdown gave substantial higher tempera-
tures for the lower hot leg temperature case. The three calculations show
that for the lower hot leg temperature case the peak cladding temperature
occurred iater in the blowdown phase.

From these calculations it is not clear that an experiment at lower
system temperature would be representative of what would happer at higaer
system temperatures.

6. CONCLUSIONS

LOFT 1s prototypical of a LPWR for 200% double-ended cold leg breaks.
The early rewet seen in the first two LOFT large break experiments is
expected to happen in a LPWR under the same accident conditions.

The behavior of a LPWR with a 200% double-end2d cold leg break is
sensitive to the pump operation in the intact loop. The behaviors for a
running pump and a pump coasting down are quite close. A blocked pump in
the intact loop gives a reversed flow and there is no reestablishment of a
positive core flow.

The steam generator geometry and the water level in the pressurizer do

not have a significant influence on the system behavior after a LOCA with a
200% double-ended cold leg break.
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The calculated LPWR system behavior after a L(I:AEtsGl(e;s.!'?ﬂﬂsa.sa

the break flow multiplier and transition region used in RELAP4 than was
expected from 1dentical sensitivity studies for the LOFT system.

The originally planned LOFT Experiment L2-4 wil) have the same early
rewet tendency as occurred in LOFT Experiments L2-2 and L2-3. The peak
temperature, however, will be reached later into the transient, during the
refill or reflood phases.
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