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ABSTRACT !

Sensitivity studies for small break calculations, using a model of the
Westinghouse Zion I pressurized water reactor, were performed with an ,

experimental version of the RELAP4/M007 computer code. Calculations were
performed to evaluate the sensitivity of the results of a 0.1016 m diameter
cold leg break calculation to downcomer noding, cold leg modeling,
circumferential break location, and the RELAP4/M007 noneauilibrium model . '!
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SUMMARY

rm
/ ) .

( / A series of thirteen RELAP4/M007 small break calculations were
performed to study the sensitivity of the results to nodalization changes
and modeling options. The small break model used for the sensitivity
studies was a 0.1016 m diameter cold leg break in the Zion I pressurized
water reactor.

.

Two ' calculations were performed to determine a reference calculation
for the study. A best estimate calculation and an evaluation model'

calculation were performed with calculated core uncovery being the primary

selection criteria. The evaluation model was selected as the reference
calculation.

Four calculations were performed to evaluate the sensitivity of the

reference calculation results to downccmer nodalization. Simple and

detailed nodalizations were examined for modeling the downcomer inlet
annulus and downcomer regions. A recommendation for downcomer noding was
not obtained due to problems related to the RELAP4/M007 mixture level

/ crossing model. The mixture level crossing model would not allow the
mixture level to drop below the junction Connecting the inlet annulus to
the downComer.

Four additional calculations were performed to assess the sensitivity
of the reference calculation results to modeling phase separation in the
cold leg and varying the circumferential location of the break about t5e
cold leg. Due to the aforementioned problems with the mixture level
crossing model and lack of a suitable horizontal slip model in RELAP4/M007
thee were no recommendations made for modeling of phase separation in the
cold legs. The circumferential break location study indicated that the
calculated results were insensitive to break location.*

Three calculations were performed to evaluate the effect of the-

RELAP4/ MOD 7 noneouilibrium model on both the reference calculation and on
the calculation with phase separation in the cold legs. The noneouilibrium
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model allev iated the calculated unrealistic pressure drop following!

accumulator initiation that occurs in calculations with eouilibrium
assumed. The interaction between the noneoutlibrium model, mixture level

; crossing model, and Wilson bubble rise model need to be assesed further,
!
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l. INTRODUCTION

1

( The RELAP4/M007 computer code was developed to investigate the
thermal-hydraulic rcsponse of a nuclear reactor or related system under
normal or accident conditions. The emphasis during development and
checkout of the RELAP4/M007 computer code was toward integral calculations

'

of blowdown, refill,' and reflood during postulated large area pipe breaks.
Code sensitivity to various modeling and analytical technioues during small.-

break transients was not rigorously assessed. The purpose'of this report
.' is to document the results of a series -of calculations which were performed

to evaluate. the sensitivity of RELAP4/M007 calculated results for selected
modeling technioues for a postulated small cold leg break transient.

The calculations performed for the study, referenced by an index
letter and number, are grouped into five_ categories as shown in Table 1.
Each Calculation assumed a 0.1016 m diameter break in one of the Zion I
i actor cold legs. The modeling technioues and assumptions used for the
study are described in Section 2. The calculational results are discussed
in Section 3 and conclusions and recommendations are presented in Section 4.

h . The category A calculations were performed to evalute both best
estimate and evalution model (licensing) accident analyses. One
calculation was selected as a reference calculation for the study.

The category B calculations were performed to determine the
sensitivity of the results to changes in the number of nodes representing
the downcomer inlet annulus and downcomer regions.

Category C consisted of a single calculation performed to evaluate the
effect of modeling phase separation in the cold legs on the results of the
reference calculation..

Category D calculations evaluated the effects of the break
,

*

circumferential location on the broken loop cold leg pipe to determine if
the results of the category C calculation were sensitive to break location.-

,
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Three calculations were performed for category E to determine the
ef fect of the RELAP4/M007 noncouilibrium model on a calculation with <

homogeneous assumptions used in the cold legs and a calculatior with phase |
,

separation in the cold legs. These are Runs E-1 and E-2, respectively.
Run E-3 was performed to evaluate the sensitivity of the interphase heat
transfer multiplier (user input) on the Run E-2 calculation. The

noneouilibrium model was tripped on at 930 s in all category E calculations.
.
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2. MODEL DESCRIPTION

\ / The nodalization schemes used in the sensitivity studies are based on
RELAP4 models developed during the BE/EM Study. The original BE/EM

models were revised and modified in subseouent tasks (References 2 and 3)
r'esulting in "best-estimate" and " licensing" (evaluation model) input
decks. These input decks were the starting point for this study. A

description of the nodalizations, code description, code options, and~

boundary and initial conditions used for the sensitivity studies are

presented in the following section..

2.1 Code Description

The RELAP4/ MOD 7 computer code was used to perform the sensitivity

studies. The version used was the released version stored at the Idaho
Natinnal Engineering Laboratory (INEL) under Configuration Control Numbers
H013451B (RELAP4/ MOD 7) and H009982B (steam tables). The code was updated

during restarts to set _ the boundary input tape flag to false.

T's 2.2 Nodalizations
.

The nodalization schemes are shown in Figures 1 through 6. The

nodalizations differ in downcomer inlet annulus modeling, downcomer
modeling and in the volume and junction numbering. The numbering changes
were necessary due to the RELAP4/M007 self initialization routine
reouirement of contiguous volume and junction numbering. The nodalizations
shown in Figures 1 and 2 are derived from. Reference I with the remaining
nodalizations based on the model documented in Reference 2.

2.3 Code Options
'

.

The following user selected options were used for the sensitivity
studies..

O
i

: v
i
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1. A MVMIX value of 0 (compressible flow with momentum flux) was
used at all junctions, except taat a MVMIX value of 3

(incompressible flow with no momentum flux) was used at junctions
between the vessel and hot and cold legs, pressurizer and
accumulator junctions with the primary piping, core bypass and
all fill junctions.

'2. The Wilson bubble rise model was used in the inlet annulus,

downcomer, lower plenum, upper plenum and head, pressurizer, and
pump suction volumes for all calculations. The Wilson bubble .

rise was also used in all cold leg volumes between the pumps and
the vessel for Runs C, D-1, D-2, D-3, E-2 and E-3. A bubble

gradient of 0.8 was used for all calculations.

3. Complete phase separation was modeled in the accumulator volumes.

4. A constant bubble rise velocity and bubble gradient were used in
the steam generator secondaries. The values were calculated by
the code to achieve an initial energy balance.

5. Core heat transfer was calculated with the default and/or
recommended opi . s for the RELAP4/M006 Update 4 computer code.

These options include (a) use of HTS 2 heat transfer surface,
(b) CHF calculated with recommended CHF correlations,

(c) transition boiling calculated with modified Tong-Young
correlation, and (d) film boiling calculated with the

Condie-Bengston Ill film boiling correlation. The recommended
CHF correlations are the W-3 correlation for the subcooled
regime, Hsu and Beckner's modified W-3 correlation for saturated
high flow and N ith and Griffith's modified Zuber for the

saturated low flow regime. *

5. The enthalpy transport model was used to initialize the .

calculation but was not used during the transient.

9
4
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,

6. 'The RELAP4/ MOD 7 self-initialization routine was used to effect an
initial system pressure and energy balance.

'7. A reactor coolant pump bearing friction eaual to'2-1/2 percent of

|- rated toroue was used.

8. -The vertical slip model was used at junctions between the inlet
I annulus and downcomer,' downcomer and lower plenum, lower plenum

i and core, between core volumes, and between core and upper plenum
'* -volumes.

9. The natural convection option for heat transfer was used in the
steam generator secondaries.

!' _10 . The elevation of the break junction was assumed to have a point -
value with respect to bubble distribution in the cold leg volume
with the junction enthalpy smoothed when the two-phase mixture-'

was near the junction elevation in all runs except Run C. (Note

that this option is only significant when phase separation is

% ' modeled in the cold legs). For Run C the junction flow area' was

d assumed to be a circular area centered and distributed vertically
.

about the input elevation, ZJUN.4

t
;

2.4 Boundary and Initial Conditions

i, i

| The following boundary and initial conditions were used for Runs A-1 !

I and B-1. These correspond exactly to those given in Reference 1. j
3 t
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1. The Normalized Core Axial Power Profile was

Top of Core

0.0397 (core heat slab 6)
0.1791 (core heat slab 5)
0.2122 (core heat slab 4)
0.2139 (core heat slab 3)
0.2101 (core heat slab 2)
0.1450 (core heat slab l) .

Bottom of Core
,

2. The system initial operating conditions were:

Core Power . 3238 MW

Hot Leg Temperature : 582 K

Cold Leg Temperature 550 K.

S.G. Secondary Pressure : 5.19 MPa

Upper Plenum Pressure : 15.6 MPa

Mass Flow Rate Per Loop 4606 Kg/s.

Feed / Steam Flow Rate Per Loop : 444.7 Kg/s
Feedwater Enthalpy - 1016.5 KJ/Kg

Pressurizer Liouid Mass 19688 Kg-

Pump Speed : 123.6 rad /s

3. The new ANS decay heat rate was used (Proposed 1977 Standard).

4. Saf. jection (SI) flow rate was a function of pressure av
the values used are shown in Table 2. These flow rates re resent
the total eutput of two HPIS and two LPIS pumps.

5. Charging fl1w rate was a fenction of pressure and the values used j

are shown in Table 3. These flow rates represent the total *

output of tv o charging pumps.

.
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6. The steam generator- secondary atmospheric dump valve and bank of

g'~'y five code safety valves were modeled by a single negative : fill

(s_,) -junction. The combined flow rate was dependent on the., secondary
,

system pressure and ble values-used are shown in Table 4.

7. Motor-driven auxiliary feedwater flow was controlled to be fully"

off when. the secondary level exceeded 13.1 m and fully on when
-

the level was -lower th an 13.1 m. There were two motor -driven

auxiliary feedwater pumps providing a total flow rate of
14.08 Kg/s to each steam generator. Turbine-driven auxiliaryi *-

| feedwater was provided by a single pump with the same capacity as
the combined motor driven pumps and was controlled in the same

manner. Auxiliary feedwater enthalpy for both motor and
' turbine-driven systems was 158.2 KJ/Kg.

.8. The Accumulator Inital Conditions were:
,

Pressure: 4.14 MPa
Temperature: 325 K

3Water Volume: 23.2 m ter accumulator'

O i

| 9. The three pressurizer code safety valves and two power operated
relief valves were modeled by a single negative fill. The ,

combined valves were closed at pressures below 16.89 MPa, passed

52.9 Kg/s between 16.89 MPa and 17.24 MPa, and passed as much fp
I mass as needed above 17.24 MPa to prevent a further pressure

increase. These valves were not challenged in any of the
calculations. +

!,

, ,

10. A primary leakage rake of 0.63081/s was used for all the
!calculations. ,

f
f..
i

; 11. Reactor cool *1t primary loop heat loss to containment was not '

.- modeled. This heat loss was estimated to be 0.95 Mw which was |
' less than 2% of the decay heat rate. [

t
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12. Scram occurred 3.4 seconds af ter the scram signal was received
due to a low pressurizer pressure of 12.62 MPa. The reactor

coolant pumps were tripped off upon reactor scram.

13. The safety injection (SI) signal was generated when the
pressurizer pressure decreased below 12.62 MPa. Si and charging
flows were automatically initiated af ter a 5 second delay from

'the SI signal .

For Runs A-2, B-2, B-3, B-4, and all category C, D, and E runs, the -

following initial conditions (taken from Reference 2) were used.

1. The normalized core axial power profile used was:

Top of Core

0.167 (core heat slab 6)
0.222 (core heat slab 5)
0.184 (core heat slab 4)
0.157 (core heat slab 3)
0.148 (core heat slab 2)
0.122 (core heat slab 1)

Bottom of Core

2. The decay heat used was ANS + 20 percent (Proposed 1977 Standard)

3. The safety injection flow dependence on primary system pressure
wh ich assumed one HP! pump was operating is given in Table 5.
Safety injection was tripped on 25 seconds af ter the pressurizer
pree.sure decreased to 1.21 MPa.

4. Steam generator safety valve full rated flow (FRF) was 523.2 kg/s
per steam gererator. The valve opened at 820 kPa allowing *

8 percent FRF to pass and the flow rate increased linearly to
100 percent FRF at 862 kPa. .

i
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5. The full rated feedwater flow was 508.1 kg/s per steam
generator. Feedwater flow remained at full flow until 5 secondse af ter scram and rem >ined at 0 until 59 seconds af ter SCRAM.
Auxil iary feedwat e- flow was turned on linearly from 59 to

60 seconds af ter scram and remained on at 1.928% of the full
fl ow . The main feedwater enthalpy was 973.7 KJ/kg and the

auxiliary feedwater enthalpy was 211.7 KJ/kg.
.

6. The Accumulator Initial Conditions were:
P = 4.14 MPa*

T = 325 K

Water Volume = 23.2 m per accumulator

7. Scram occurred 3.4 seconds af ter the scram signal was received
due to a pressurizer pressure decrease to 1.28 MPa. The reactor
coolant pumps were tripped off upon reactor scram.

8. Presturizer initial mass w : 21823 Kg of which 2136 kg was vapor.

f '' 9. A turbine trip coincident with scram signal closed the steam
generator outlet v alves.x_-

10. The system operating conditions were:

Mass Flrw Rate per Loop 4419 Kg/s

Upper Plenum Pressure 15.76 MPa.

S. G. Secondary Pressure 6.89 MPa

Cold Leg Temperature - 569.1 K

Hot Leg Temperature 603.8 K

Core Power 3649 MW.

.

The JCL and input decks used for the sensitivity studies are stored at

the INEL under Configuration Control Number F00065. The decks are stored.

in a seauential UPDATE program library with a listing and description of
the contents stored with deckoame DIRECTORY in the program library and

listen in Table 6.
, . ,
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3. CALCULATED RESULTS

3.1 Base Case Category

The base case category calculations, Runs , 1 and A-2, were performed
to establish a reference calculation for the sensitivity studies. Due to

an error in initial deck prepara: ion, the ECC injection point for Run A-1
'

was into the inlet annulus and r ot into the cold legs as desired.

Injection into the inlet annulus will result in a smaller primary system

depressurization following accumulator injection than would occur if -

injection was into the cold legs. Reference 2 discusses the effect of
alternate ECC injection locations (including the downcomer inlet annulus)
on the results of a 0.1016 m co d leg break calculation for the Zion I
reactor.

The calculated pressure response of the primary system is shown in
Figure 7 for both calculations. Following break initiation for Run A-1,

primary pressure decayed rapidly until the hot leg saturated at 7200 kPa
(t = 40 s), repressurized slightly for approximately 70 s, and then
depressurized until stabilized at 6600 kPa by the steam generator

secondar ies ( t = 140 s). The primary system pressure for Run A-1 remained
dt approximately the secondary side pressure shown in Figure 8 and 410 s.
Af ter 410 s, the secondary side of the steam generators refilled between
140 s to 13.4 m, reducing the auxiliary feedwater flow. The primary sys tem
depressurized down to the accumulator setpoint of 4140 kPa at 660 s af ter
the break for Run A-1.

The primary system pressure calculated for Run A-2 depressurized
rapidly to 8480 kPa by 120 s where the pressure reached and was stabilized
by the steam generator secondary side temperature. As ;hown in Figure 8,

secondary side pressure calculated for Ren A-2 exceeded the safety '
m.c

valve setpoint pressure causing the valves to open at approximately
25 seconds. Auxiliary feedwater flow decreased the secondary side pressure .

during Run A-2 below the safety valve setpoint by 370 s. Primary and

O
10



secondary side system pressures depressurized at the same rate until 510 s
/ in Run A-2. Beyond 510 s, the primary system depressurized faster th an th e

\_j' secondaries in Run A-2 due to increased fluid enthalpy of the break flow
following break uncovery with accumulator initia. ion occurring at 995 s.

The mixture level of the upper plenum, upper core volume and middle
core volume are shown in Figure 9. The upper plenum and upper core mixture

.

levels indicate upper plenum voiding in both Run A-1 and A-2. For Run A-1,

the mixture level t emained in the upper plenum with no core uncovery
* calculated. In Run A-2, core unccvery was calculated to begin at 730 s and

continue until the mixture level was 2.0 m below the top of the core at

940 s. The mixture level remained at this elevation until injected

accumulator water refilled the core at 1030 s. As seen in Figure 10, no
core heatup was calculated during Run A-1, whereas, Run A-2 calculated a ,

heatup of the fuel rod surf ace in the top 2.0 m of the core reaching a '

maximum surface temperature of 875 K at 990 s.

Based on these results, Run A-2 was chosen as the reference

calculation for the sensitiv ity study. The choice was based primarily on

(n) the prediction of partial core uncovery and a resultant fuel rod cladding

\d h ea tu p. A model resulting in a core heatup was reouired for the heat
transfer sensitivity studies documented in Reference 4.

3.2 Downcomer Noding Category

The downComer noding category calculations were performed to determine
the sensitivity of the calculated results to downcomer nodalization for a

small break LOCA. Runs B-1 and B-2 were run to determine i. a single
volume representation of the downcomer and inlet annulus would improve the
computer running time for small br. ok LOCA's without significantly

*
; affecting the results. Runs B-3 ani B-4 were performed to determine the

effect on the reference calculation of using a finer input nodalization for
the inlet annulus and downcomer regions.a

|

!

Os

(v)
i
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The changes in the input model between the base cases (Runs A-1 and
A-2) and the single volume downcomer-inlet annulus model (Runs B-1 and B-2)
necessitated combining two volumes with disimilar geometries. The
downcomer inlet annulus was modeled for Runs A-1 and A-2 with a flow area

of 18.6 m rather th an the geometrical flow area of 2.89 m . A large
bvalue for the flow area was inherited from the BE/EM study which used a

large flow are to produce a pressure in the inlet annulus near the
stagnation pressure. The single volume representation of the downcomer and -

inlet annulus used a flow area eoual to the geometrical downcomer flow area
of 2.45 m yielding a RELAP4 calculated equivalent flow length of 9.16 m .

as compared with 5.55 m in the two volume representation. To obtain the

same frictional pressure drop between the downcomer nodalization schemes,
the equiv alent diameter was increased from 0.25 m for the the downcomer in

the two volume representation to 0.41 m for the single volume
representation. This procedure of volume combination preserved volume,
frictional pressure drop, and volume height.

The calculated downcomer and downcomer inlet annulus mixture levels
for Runs A-1 and B-1, shown in Figure 11, remained in the downcomer annulus
during the entire transient. The calculated levels for both calculations

were essentially identical until accumulator initiation was calculated in

Run A-1 at 660 s and the downcomer inlet annulus refilled. Due to the
slight differences in calculated primary system depressurization rates
(Figure 12), Run B-1 did not calculate acc~aulator initiation with
subseauent downcomer refill until 730 s. Following initiation of

accumulator injection a slight increase in system pressure was calculated
for Run A-1 wh ich terminated accumulator flow (Figure 13) until the primary
system pressure again decreased below the accumulator pressure at 1020 s.

Run B-l did not calculate an increase in primary system pressure following
accumulator initiation due to accumulator injection into a conbined

downcomer and inlet annulus volume whereas for Run A-l the accumulator was ,

injecting only into the downcomer annulus only. Reference 2 discussed

calculations performed to determine the effect of alternate ECC injection
,

locations on the calculated primary system pressure during a 0.1016 m cold
leg break transient in Zion 1. As occurred with Run A-1, Run B-1 did not

calculate a significant heatup of the core.

O
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The effect of a single volume nodalization of the downcomer and inlet
.

,O annulus region (Run B-2) on the results of the reference calculation.

1h. (Run A-2) were similar: to those obtained between Runs A-1 and B-1. The
,

-calculated primary system pressure, shown in Figure 14, indicates ' that a
single volume model (Run B-2) produced in a slightly slower
depressurization of the primary system af ter about 800 s. As a result,

;

| accumulator initiation during Run B-2 was calculated to occur at 1095-s, t

which was 100 s later than in the reference calculation (Run A-2). The'~

mixture level' in the downcomer and inlet annulus region are shown in

j Figure 15. As indicated in Figure 15, the mixture level was calculated to*

decrease into:the downcomer in both calculations. The calculated rixture'

level response wa., essentially identical for both calculations prior.to'

i903 s at which time Run A-2 calculated the 'downcomer to refill. A steady

drop in the downcomer mixture level between 600 s and 1025 s was calculated ,

,

for Run B-2. The mixture level remained between 3.8 and 4 m above the
; '

i bottom of the downcomer until 1095 s when accumulator initiation refilled
! the downcomer to the top of the inlet annulus.
!

The inc.rease in downcomer mixt J i level at 903 s calculated for

| Run A-2 was a direct result of usi' g the RELAP4/M007 mixture level crossing .

\ i i*

L model during a restart. The mixture level crossing model is a new
'

. iterative solution technioue that was developed to improve the predictions

of junction flow rates in RELAP4/M007. Prior to 903 s, the calculation
f used an average time step size of 0.1 ms reauiring 1460 CYBER 176 cpu

;
i

} seconds / transient second. The relatively small time step was a result of i

code calculated mass depletions (more liauid calculated leaving a volume
i

than was available) in the upper head and inlet annulus. Activ ation of the ;

:

mixture level crossing model at 903 s increased the running efficiency to ;

159 cpu seconds / transient second with an increase in the average time step [
size to 0.67 ms. Based on the improvement in running time, the decision'

i* was made to use the mixture' level crossing model for all future
Fcalculations in the sensitivity study (Runs B-3, B-4, and all category C,i

!. O, and E calculations) with the model activated at problem initiation,

b I
1

'
.

'

,' Oo !
:
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Analysis performed af ter completion of the calculations indicated that
the model may not be work ing correctly. As seen in Figure 15,
implementaton of the mixture level crossing model in Run A-2 at 903 s
forced the downcomer mixture level to return to the junction between the

downcomer and the inlet annulus instead of allowing it to continue dropping
into the downcomer as calculated for Run B-2. The junction between the

inlet annulus and the d3wncomer does not constitute a geometric boundary in

the system being modeled and should be passive to mixture levels crossing -

th r ou gh . An explanation for the anomolous results obtained with the
mixture level crossing model is not k nown at th is time. The mixture level .

crossing model and its interaction with other code models (stacked volume
level track ing, slip, bubble rise) needs to be investigated further to
determine the cause of the mixture level track ing calculational
difficulties when the mixture level crossing model is used.

The calculated upper plenum, upper core volume and middle core volume
mixture levels, shown in Figure 16, were essentially identical for both
Runs A-2 and B-2 until 400 s. Af ter 400 s, the results for Run A-2 show

the mixture level dropped to the top of the core at 670 s and to an
elevation 2 m below the top of the core by 925 s. The level remained 2 m

below the top of the core until accumulator flow forced the mixture level
ba ck into the upper plenum by 1040 s. The sudden drop in mixture level at

903 s was the result of restarting the calculation with the mixture level

cross ing model activ ated. Run B-2 calculated a drop in the mixture level
of 1.3 m below the top of the core. Initial accumulator flow induced steam
condensation in the cold legs, downcomcc, and inlet annulus reduced the
core level to an elevai;cr. W. icn was 2.6 m below the top of the core by

10?0 s. Th is decrease in the core level was followed immediately by a

refill of the core caused by injected accumulator liquid. As seen in

Figure 17, the calculated peak cladding temperature was higher in Run A-2
th an in Run B-2 due to the longer period of core uncovery calculated in *

Run A-2.

.

O
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i
Using a more decailed nodalization to model th'e downcomer and inlet'

_

annulus region was evaluated with Runs B-3 and B-4. Run B-3 utilized the<

%/ same model used for the reference calcul'ation (Run' A-2), however, .the- inlet
'

annulus was split:.into two vertically stacked volumes. The annulus was
arbitrarily split 'at an elevatioa of-1.27 m above tne cold leg centerline.~

This elevation' was eoual .to the distance between the cold leg centerline
.and the top of the downcomer volume. Run B-4 used the reference

,

calculation model, with the single downcomer volume replaced with the three
volume 'downcomer representation used in Reference 5.

,

The calculated prima'ry system depressurization rate for Runs A-2, B-3,i

and B-4 were essentially identica'., as shown .in Figure 18. A significant
difference between the three calculations was in the downcomer and inlet

; Onnulus1 mixture-level response shown in Figure 19. As prev iously stated,
the RELAP4/ MOD 7 mixture level crossing model was activated at problem

initiation in both Runs' B-3 and B-4. As the mixture level decreases below
the upper inlet annulus volume in Run B-3 at 295 s, code calculated mass
depletions were calculated to occur in that volume causing the two observed

,

spikes in the mixture level between 300 and 350 s. The spikes result from

! 'l the code attempting to return the mixture level to the junction between the
( two inlet annulus volumes. The mixture level calculated in Rua B-3 dropped

initially then increased to' an elevation corresponding to the bottom of the

| cold leg junction by 720 s. The mixture level dropped to the top of the

! downcomer by 850 s where it remained until accumulator injection refilled
the inlet annulus at .1010 s. The mixture level calculated in Run B-4 was
identical to that calculated by the reference ' calculation (Run A-2) until

f it reached to top of the downcomer at 770 s. -Calculated mass depletions in
the inlet annulus in Run B-4 after 770 s resulted in the mixture level

,

remaining at the junction between the downcomer and inlet annulus until
j accumulator injection refilled the inlet annulus at 1030 s.

!

; The calculated upper plenum upper core volume, and middle core volume

mixture level for Run B-3, are shown in Figure 20. As indicated on*

i

Figure 20, the mixture level remained above the top of the core until

| 870 s. The mixture level then dropped 1.3 m into the core where it
!

O
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remained until accumulator flow refilled the core. Run B-4 calculated
essentially the same level response as the reference calculation with some
minor differences in calculated response observed between 800 s and 1000 s.

A peak cladding surface temperature of 750 K was calculated for i

Run B-3 and as shown in Figure 21, was 125 K lower the temperature

n1culated for the reference calculation (Run A-2). There was no
*

significant differences between calculated cladding surface temperatures
for Runs B-4 and A-2.

.

The computer running time for the downcomer noding study are given in
Table 7. Al th ough the reference calculation, Run A-2, appeared to have run
slower than Run P.2 cr B-4, most of the difference is related to not u,ing
the mixture level smoothing model prior to 903 s. It is estimated that the

computer time reauired with the mixture level Crossing model active for the
entire tranient would be 4.5 to 5.0 hours. The comparatively large running

time reouired for Run B-3 was due almost entirely to the excessive number
of mass depletions calculated for the upper inlet annulus volume and the

lower inlet annulus volume.

The results of the downcomer noding study were not conclusive enough
to recommend any particular nodalization scheme since the RELAP4/M007

mixture level crossing model appeared to have had a major effect on the
res ul ts . Further study is needed to determine if an error exists in the

mixture model. An iterative solution techniaue for junction flows such as

the mixture level crossing model is recuired to reduce computer time
r eo uiremen ts .

3.3 Cold Leg Modeling Study

The cold leg modeling study was performed to investigate the effect of "

modeling phase separation in the cold legs on the results of the reference
calculation. The calculation was also used as part of the circumferential -

break location study, discussed in Section 3.4.

O
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} The changeslmade to the reference model (Run A-2) for Run C were
inclusion of the' Wilson bubble rise model in all volumes between the pump

k ~ outlets and the vessel and modeling of the break junction as a vertically.'

oriented junction with the function centered at.the cold leg midplane.

" The. calculated cold leg mixture level at the break, shown in

I Figure 22, dropped from the top of the cold leg at 230 s to the top of the
breakijunction at 250 s. The mixture level dropped through the break'

,

i junction between 250 and 600 s and remained near the bottom of the junction
* until accumulator injection refilled the volume at 965 s. A comparison of

,

calculated break mass flow for the reference calculation (Run A-2) and'

Run C, shown . in Figure 23, shows essentially identical results. The

; calculated break flow for Run C did exhibit unstable behavior when the
mixture level in the cold leg was near the bottom of the break junction.

The calculated behavior of the downcomer and downcomer inlet annulus
<

mixture level for Run C, shown in Figare 24, was similar to that observed
for the downcomer noding calculation. With the mixture level crossing
option activated, the mixture level dropped to the top of the downcomer at

,

700 s and rem ained there until accumulator injection refilled the vessel at'

980 s. The behavior is not believed to be realis tic afte" 700 s since the
level should continue to drop into the downccmer,'

i

.

| The inclusion of phase separation in the cold legs resulted in an
increase in the computer time reauirements, as seen in Table 7. The

;

{ additional time reauirements are related to applying the Wilson bubble rise

! model to the cold legs,
t <

:

The use of phase separation in the cold legs shrdid also be coupled
with a horizontal phase slip moos in connecting jLnctions, if the ph as es

are not allowed to flow independen y between the cold leg volumes, the*
i

calculated volume average fluid energy is used for the connecting fluid
energy. The calculation would then be couivale".t to using homogeneous.

assumptions in the cold leg. RELAP4/M007 does not contain a recommended

|

\
b

I
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model for horizontal slip and therefore orie was not used. The lack of a

horizontal slip model coupled with the increased computer running time
suggests that phase separation modeling in the cold legs is not viable at
th is time. H owev er, the effect of the mixture level crossing model on the
results excludes any diffinative conclusion. The recommendation is to
resolve the difficulties with the mixture level smoothing model and develop
a :)orizontal slip model before pursuing phase separation modeling in the
cold legs. '-

3.4 Break Circumferential Location Study i

The break circumferential location study was performed to determine if
the results of the Run C calculation with phase separation in the cold legs
were dependent upon the circumferential location of the break . The

locations investigated were the top of the cold leg pipe (Run D-1), the
bottom of the cold leg pipe (Run D-2), and 0.015 m above the bottom of the
cold leg pipe (Run 0-3).

The changes made in the Run C calculation model was the break junction
treated as a horizontally oriented (point) junction for all the Run 0

series calculations.

Calculational instabilities in the Run D-2 calculation forced
termination of the calculation at 428 s. The break at the bottom of the
pipe drained all of the liouid out of the cold leg by 300 s resulting in
unresolvabic mass depletion problems in the cold leg. As a resolution to
the problem, Run D-3 was performed with the break located 0.015 m above the
bottom of the cold leg pipe to allow a small amount of 1iouid to remain in
the pipe.

The results of the calculations showed that the break location did not *

have a significant effect on the results of the Run C calculation. The

broken loop cold leg mixture levels, shown in Figure 25, were calculated to .

drop to the respective break junction elevations by 300 s (top of the |
|

O
18



. - - . . -_ - .. -. - - -. -

*
a

1

~

junction for Run C) The levels remained at these elevations until.

accumulator initiation refilled the cold legs at 980-990 s. The integrated

- (./ mass flow out the break shown in Figure 26 and calculated upper plenum
pressure shown in Figure 27 indicate virtually identical results for all-
three calculations.

;

The computer cpu time reauirements, shown in Table 7, were of the same1

order of magnitude for all of the calculations with cold leg phase~

- separation. For comparison.with the Run D-2 calculation, Run C reouired
1.5 hours to calculate the first 430 s of the transient.*

The results of the study indicate that break location was not an
important consideration for a small break calculation with phase separation

,

in the cold legs. However, the considerations and recommendations detailed
in the cold leg modeling study discussed in Section 3.3 also apply to the
circuSferential break location study.

3.5 Noneauilibrium Modeling Study'

i

The noneauilibrium modeling study was performed to examine the effect '

b of the RELAP4/M007 noneauilibrium model on post accumulator injectioni

f- sys te'm response. The model was activated just prior to accumulator !
!

initiation at 930 s. This study was performed by restarting from Run A-2
wh ich modeled homogeneous cold leg and from Run C wh ich modeled phase

separation in the cold legs. (,

;

;

| The noneauilibrium model did not reauire any changes in modeling. The.
|

model was applied to all cold leg and vessel volumes with the recammended !'

| or code default values used for input in Run B-1 (homogeneous) and Run E-2
(phase separation). The recommended or default input were: (a) the model [

remained on regardless of the volume cuality, (b) the flow-regime dependent ;

j contitutive package was used, (c) the multiplier for the interfacial heat :

transfer rate was 1.0, and (d) the weighting factor constant used for,

calculating interphase heat transfer rate in the transition regions was

f
,

,

b %

;

19
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1.0. A th ird calculation, Run E-3, was performed with the multiplier for
the interfacial heat transfer rate set to 0.5 to determine the sensitivity

of the results of Run E-2 to this parameter.

The calculated primary system pre ~ sure response for Runs A-2 and E-1
are shown in Figure 28 af ter 900 s. The noneouilibrium calculation,

Run E-1, shows a more gradual post-accumulator injection primary system
pressure response than that obtained with the equilibrium calculation in .

Run A-2. The slwer depressurization af ter accumulator initiation for

Run E-1 altered the accumulator flow response. The accumulator flow, shown ,

in Figure 29 was much less for Run E-1 th an that calculated in Run A-2. As

a result, the core refilled slower in Run E-1 than Run A-2 as shown in

Figure 30. The calculated cladding surface temperature at the top of the
core for Run E-1 showed a much slower cooldown af ter accumulator initiation
th an did Run A-2 as shown in Figure 31.

A decrease in the core mixture level, shown in Figure 30, was
calculated at 930 s, the time at which the noneouilibrium model was tripped
on. Since no other changes in the transient occur at this time, the level
drop was solely related to the noneouilibrium model activation. Fur th er

study is recuired to determine how the noneouilibrium model interacts with

the Wilson bubble rise and vertical slip models in RELAP4/M007 to produce
this effect on mixture levels.

The primary system pressure response for the calculations with ph as e
separation modeled in the cold legs (Runs C, E-2, and E-3) are shown in
Filure 32 and the results exhibited the same trends as the calculations
performed with homogeneous cold leg volumes. The dip in the primary system
pressure for Run E-3 at 980 s occurred when the broken loop cold leg became
water solid. The broken loop cold leg mixture level shown in Figure 33 was
calculated to start decreasing when the noneouilibrium model was activated -

at 930 s for Runs E-2 and E-3. The rate and magnitude of the drop in level
were dependent on the condensation rate. Run E-3 modeled a condensation

,

rate 0.5 times the value used for Run E-2. Run E-7 calculated the cold leg

9
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i

i

mixture level returning to the' bottom of the break at accumulator ;

!initiation, where the mixture level remained for the rest of the

- Q transient. Run E-3 calct. lated the cold leg liauid full af ter accumulator'

; initiation despite a lower interphase heat transfer rate than was modeled
in Run E-2. The exact reasons for this behavior have not yet been

identified and will reautre further study to understand.

.

The-integrated mass flow out of the broken loop accumulator, shown in*

Figure 34, was much lower for Runs E-2 and E-3 due to the higher primary
system backpressure As a result, the calculated core mixture level for |a

| Runs E-2 and E-3 rose.much slower than the core mixture level calculated by ;

Run C, as shown in Figure 35. The corresponding peak rod surface
tenperatures in the top third of the core, shown in Figure 36, was higher {
for the calculations with noneauilibrium. A calculated peak cladding {

' temperature of 1050 K for Run E-2 was 175 K higher than the 875 K peak j

temperature calculated in the Run A-2 reference calculation. h'

i

The computer run time for Run E-1 noneauilibrium model calculation was
of the same magnitude as the eauilibrium case Run A-2 (see Table 7). f

'

I However, for the case with phase separation in the cold legs, the computer f

ftime reauirements between 930 and 1189 s for the Run E-2 and E-3
noneauilibrium calculations were more than triple that of- the homogeneous !,

[ calculation Run C. |
!

The results show a marked improvement in the post-accumulator !

-injection transient response. The system pressure calculation and f

accumulator flow rates were typical of expected results when the
{

noneauilibrium model was used. However, interactions between the j

noneauilibrium model and the phase separation models in RELAP4/M007 need to I

be investigated further. Further assessment of the noneauilibrium model -is
;

also reauired to evaluate the user supplied input parameters to the'
,

|

noneauilibrium model .;. ,

!
*

!

;

I
I

.

f .

i |
! i

m
;
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4. CONCLUSIONS AND RECOMMENDATIONS

i. Use of the RELAP4/MCD7 mixture level croaning model raculted in the
douncomer mixture level not being calculated correctly.

The mixture level crossing model forced the mixture level to remain in
the proximity of volumes in which liouid mass depletions were calculated by
RELAP4/M007. The atypical mixture level behavior was particularly et ident

.

in the downcomer and inlet annulus regions. Sensitivity of the results of

the reference calculation to downcomer noding (Section 3.2) were '

indiscernible due to mixture level calculational aytpicalities associated
with the mixture level crossing model . Calculations in which the mixture
level crossing model was not used or the junction between the inlet annulus

and the downcomer was not modeled predicted the mixture level dropping into
the downcomer volume. Use of the mixture level crossing model forced the
level to remain at the junction separating the inlet annulus and the
downcomer.

2. Phase separation modeling in the cold lega is not recomended
until an accurate horisontal clip model is developed.

Modeling of piase separation in the cold legs without horizontal slip
in connecting junctions is eauivalent to using horizontal assumptions in
the cold legs (Section 3.3). The circumferential location of the break is
unimportant unless phase separation is modeled in the cold legs
(Section 3.4).

3. Tiie RELAP4/t40D7 nonequilibrium model requirca further acaecament

before guidelinea for its use can be recommended.

Use of the RELAP4/ MOD 7 noneauilibrium model (Section 3.5) results in
'

more typical system pressure response when accumulator water is injected
into steam filled volumes. Interactions betwen the noneauilibrium model, 6

bubble rise model, and mixture level crossing model need to be investigated
further before recommendations for use can be made.

O
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APPENDIX A

METRIC TO ENGLISH CONVERSION FACTORS
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The following list of conversion factors are supplied for converting
data presented in the text of tne report from metric to English.

To Convert From to Multiply by
.

Pa lb /in 1.450 x 10-4 I2
f

'
Kg/sec lbm/sec 2.205

- 459.67K F T F = 1.8 x Tk
m ft 3.281

t/s gpm 15.850

j rad /s rpm 9.55

,

!

.

I

s

i

|

|

| 25 |
|
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TAtlLE 1. SENSITIVITY CALCULATION MATRIX

O
Category Run Index Calculational Description

Base case A-1 Best-estimate initial and boundary
conditions.,

.

A-2 Evaluation model initial and boundary
conditions.

4

Downcomer B-1 Run A-i with single volums representation of
Noding downcomer and downcomer inlet annulus.

B-2 Run A-2 with single volume representation of
downcomer and downcomer inlet annulus.

B-3 Run A-2 with two volume representation of
downcomer inlet annulus.

B-4 Run A-2 with three volume representation of

downcomer.

Phase separation C Run A-2 with phase separation modeled in cold
in cold legs leg volumes. (Break location at pipe mid-

plane).

Breax D-1 Run C with the break located at the top of
Circumferential the cold leg pipe
Location

D-2 Run C with the break located at the bottom
of the Cold leg pipe.

D-3 Run C witn the break located .015 m above the
bottom of the cold leg pipe.

Nonequilibrium E-1 Run A-2 with the RELAP4/ MOD 7 nonequilibrium
Model model tripped on at 930. s with code default /

recommended input values.

E-2 Run C with the RELAP4/ MOD 7 noneauilibrium
model tripped on at 930 s with Code default /
recommended input values. '

E-3 Run E-2 with interfacial neat transfer rate
multiplier (DECCMX) reduced from 1.0 to 0.5. .

O
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|

IABLL 2. SAFEIY INJECfl0N FLOW RAIL AS A FUNCIlON OF PRIMARY SYSTEM

PRESSURE--BEST ESTIMATE
|

Primary Pressure Injection Rate Per Loop

(MPa) (t/s) j
i |

' . |

0.1034 73.49 |
;

'

O.2413 62.33
s

0.3792 51.48
| 0.5171 40.31 |
' O.7239 28.07

|
0.8824 15.58

1.482 15.01

4.709 14.07

5.784 12.55 |
.

7.466 10.03

| 8.087 9.021

8.852 7.507
<

9.776 6.031
<

19.927 5.021 i

10.38 3.015

10.54 1.508

11.15 0.0

|

s

o

,

I
i
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TABLE 3. CHARGING FLOW RATE AS A FUNCTION OF PRIMARY SYSTEM PRESSURE--

BEST ESTIMATE

! '

:

(
| Primary Pressure Charging Rate Per Loop
( (MPa) (t/s)
l
'

.

0.1034 13.31

0.409 13.31
*

9.314 10.85

11.62 9.642

14.68 7.255,

16.22 6.043

18.06 3.627

18.37 0.0

TABLE 4. STEAM GENERATOR SECONDARY DUMP AND SAFETY VALVE FLOW RATE AS A

FUNCTION OF SECONDARY SYSTEM PRESSURE--BEST ESTIMATE

Secondary Pressure Mass Flow Rate

(MPa) (Kg/s)

<7.618 0.0
7.755 545.0
8.238 545.0
8.239 749.9

|
~>8.618 3086.9

'

e

9
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J

l

TABLE 5. SAFETY INJECTION RATE AS A FUNCTION OF PRIMARY SYSTEM

PRESSURE--EVALUATION MODEL )
i

Safety Injection Rate'

Primary Pressure Rate Per Loop
,

(MPa) (t/s)
,

,

0.103 7/.0
'

O.241 181.i

0.380 53.9
i 0.517 42.2

0.724 29.4

0.883 16.3

j 1.48 15.7 ;

2.86 14.3

4.24 12.8i

5.62 11.3

7.00 9.4

8.38 7.5

9.07 6.0
|

9.96 2.6i

11.14 ?.0

12.51 1.1
,

14.31 0

17.24 0 |

|

.
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O
TABLE 6. DESCRIPTION OF INPUT DECKS USED FOR RELAP4/ MOD 7 SENSITIVITY

STUDIES

DEC)0H E R W INDEX DESCRIPTIQi

.

NBASEDD A-1 ZICN BASE CASE EST ESTImTE DECX FOR A
4 Itoi CC:J) LEG EEN (DERIED FRON STATION R.ACK-
OUT DECK).

g

DBE R-2 ZION BASE CASE EVALLATION MODEL DECK FOR A
4 Ifoi COLD LEG EEN (MRIVED FRON ADDITIan.
ESTINGHOUSE AUDIT CALCLLATIONS RLN B).

W mSE D-1 ZION MSE CASE BEST ESTIt1 ATE KCK WITH TIE
DC641C0rER ItLET Rft1DS MD DC641CQTR CONBItED
INTO A SINGLE YOLLFE.

DOEDC B-2 ZION EVMTION MODEL DECK WITH TIE DCAfiCorTR AND
ItLET RitLUS COMBItED INTO ore V(X_LFE.

SPftti D-3 ZION EVALUATION PLKL DECK WITH TTC DC14CCtED
ItLET RitLUS SPLIT INTO TWO VOLLFES AXIALLY.

B09DC D-4 ZION EVALIMTION MGEL KCX WITH TIE D044C0tfR
REPLACED WITH TIE TIE X)LLFE DC544C0tER PODALI-
ZATION USED IN T}E BE/D1 STUDY (TMDi FRON BEB09).

CILDASE C ZICN EVmTION MODEL KCX WITH PHASE SD'ARATICN
IN ALL COLD LEG VOLLtES WITH TIE IREN JLNCTION
LOCATED AT THE PIPE MICPLRE mD TEATED AS A
WRTICR.LY ORIDiTED METION.

Ca. TOV D-1 Calf 4SE KCK WITH T1E METION (RIENTED AT TIE TOP
Cr TIE COLD LEG PIPE FND TEATED AS A FERIZ0tiTALY
ORIENTED (POINT) M iCTION.

CILDOV D-2 CBLBASE KCK WITH TIE METION ORIDfTED AT TIE
DOTTON OF T1E COLD LEG PIPE rid TEATED AS A
HORIZONTALLY ORIDiTED JLtCTION.

CBLfM)OV D-3 CBLDRSE KCX WITH TIE JLFETION ORIDiTED .05 FEET
ABOE T}E BOTTON Cr TIE COLD LEG PIPE RE) TEATED
AS A HORIZONTfLLY ORIENTED (POINT) JLtETION.

Noteio E-1 RESTART KCK USED WITH DimSE RESU TS TO TRIP ON
T}E RELAP4/ MOD 7 N0tEQUILIEIlN MODEL (DEFALLT rid /

,

| OR REcottENDED VALLES) AT 930. SEC.
l tOEPS E-2 RESTART DECX FOR CBLMSE RESLLTS WITH TIE tat- 4

EQUILIIRIlli MODEL TRIPPED ON (DETALLT RE)/OR
,

| RECr* TENDED ItFUT) AT 930. SEC.
|

|

|

4
30

_ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _



___ . _ -___ __ .. _--- . - - . _ _ - - - _ . _ _ _ _ _ _ _ - - - _ - - - - - - - . _ _ . . _ - - - - _ - . . - - - _ .

.

! TABLE 7. C0'4PUTER RUN TIMES FOR THE RELAP4/M007 SENSITIVITY STUDIES

CDC 176 cp
Run Transient Time Time

Index (s) (hr);

A-1 0-1027 5.3

A-2 0-1038 6.0
'

B-1 0.966 4.7

B-2 0-1153 4.9
e B-3 0-1045 11.6

B-4 0-1012 4.1

C 0-1250 7.7

0-1 0-1140 7.9

D-2 0-428 3.4

D-3 0-1006 8.1

1 t-1 930-1159 3.7a
D

E-2 930-1189 6.2

E-3 930-1058 3.4c

!
l ;

|

;

a. Run E-1 required 1.1 cpu hours from 930 to 1044 s.
Run A-2 required 1.7 cpu hours from 930 to 1038 s. I

!

b. Run C required 1.7 cpu hours from 930 to 1250 s.

i

c. Run E-2 required 3.1 cpu hours from 930 to 1058 s.

---. ;

!
i

!
'

o

f
I

!
i

|

i
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Figure 31 Fuel rod ciedding surface temperature 3.0-3.7 m.
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Figure 33. Broken loop cold leg mt ture level vs. time for
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