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ABSTRACT'

The TRAC-PFL/ MOD 1 independent assessment project at Sandia
,

: National Laboratories ic part of an overall effort funded by the
NRC to determine the ability of various system codes to predict
the detailed thetmal/ hydraulic response of light water reactorsw

; during accident and off-normal conditions. The TRAC code is
being assessed at Sandia against test data from various integral'

and separate effects test facilities. As part of this assessment'

matrix, a large-break transient performed at the LOBI facility
has been analyzed.

Our results show that TRAC-PFL/ MODI correctly predicts the
major phenomena occutting during a large break accident.
Subcooled and saturated discharge coefficients both equal to 1.0
give good agreement with data for break flows and primary system
depressurization. Accumulator flow is calculated to begin within
1 s of the observed time, and the predicted accumulator
injection is generally within 5% of the measured value. Both the
peak clad temperature (788 K) and the overall rod temperatures r

are in acceptable agreement with data (823 K PCT).

Sensitivity studies were done on the cold leg nodalization,
the magnitude of the core bypass flow, the saturated break flow
discharge coefficient and the accumulator surge line resistance.
A coding error was discovered which resulted in the calculation
of. substantial and prolonged liquid superheat in the core;
correcting this error did not, however, significantly change any '

of the global behavior' calculated.<

!

I These TRAC-PFL/ MOD 1 results are generally comparable to our
previous RELAP5/ MOD 1 results for this same LOBI test. Similar;

I break flow and primary pressure behavior were calculated, but

! for different discharge coefficients; similar accumulator
! injection was calculated,.but for.different user-input surge
j line resistances. The PCT predicted by RELAPS (820 K) was in

much better agreement with data, but the late-time rod
i temperatures predicted by TRAC are in better agreement with data

than those from RELAP5.
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1.0 INTRODUCTION

The TRAC-PFL/MODL independent assessment project at Sandia
National Laboratories in Albuquetque is part of an overall

*
effort funded by the U. S. Nuclear Regulatory Commission (NRC)
to determine the ability of various systems codes to predict the
detailed thermal / hydraulic' response of light water reactorss
during accident and off-normal conditions. This TRAC-PFl/MODL
assessment project is a successor to the RELAPS/ MODI independent
assessment program previously performed at Sandia.

The TRAC-PFL/ MODI code (1) is the latest in a series of
systems codes developed at the Los Alamos National Laboratory
(LANL) to provide advanced best-estimate predictions of postu-
lated accidents and transients in pressucized light watec
reactors. TRAC-PF1 features a two-fluid nonequilibrium hydro-
dynamics model with a flow-regime-dependent constitutive equa-
tion treatment; additional models have been incorporated in
TRAC-PFl/ MOD 1 to allow simulation of a broad range of accidents
televant to current licensing issues.

The specific TRAC-PFL/ MODI code used for the final assess-
ment analyses repotted hete was Vetsion 12.0. Many of the early
calculations were done using Version 11.0, received from LANL in
Octobet 1983 when our program statted. Some Al-04R calculations
were done with other intermediate versions such as 11.1, 11.6
and 11.9, but any such runs are considered and flagged herein ea
preliminacy calculations.

TRAC-PFL/MODL is being assessed at Sandia againct expeti-
mental data from various integral and separate effects test
facilities. The TRAC assessment test matrix includes two loss-
of-coolant accident (LOCA) transients pectormed at the Loop
Blowdown Investigations (LOBI) test facility in Italy (2]. The
two LOBI tests in out assessment matrix are Al-04R, a 200% cold
leg break scenario previously analyzed as part of our
RELAPS/ MOD 1 assessment program (3), and B-RLM, a 25% cold leg
break test which is a scaled counterpart of Semiscale inter-
mediate t.reak test S-IB-3 (also in our TRAC assessment matrix).
We chose to analyze Al-04R ficct, cinco much of the background
work had already been done during our RELAPS analyses.

This report summarizes out TRAC analyses of the LOBI Al-04R
large break LOCA test. The TRAC nodalization used for the
analyses is described in Section 2. Calculational results are
presented in Section 3 for the final transient analysis, as well
as for the steady state initialization. Differences in the
results for the basecase analysis run on the CYBER-76 and

,

CRAY-1S computers, compacison with out previous RELAPS/ MOD 1

.
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| analysis and run time data are discussed in Section 4. Section 5
gives the results of some studies investigating the sensitivity
of the results to different modelling and input assumptions. The
history of these analyses and the code ettors and problems found

,

are included in Section 6. Section 7 summarizes the overall
conclusions from these analyses. The appendices provide a brief
description of the test facility, and an input listing for the ., ;
basecase transient.
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2.0 NODAL 12ATION

The LOB 1 test facility (shown schematically in Figure 2.1)
is located at Ispra, Italy, and operated by the EURATOM Joint,

Research Centre [2]. The facility was designed to supply experi-
mental data on simulated teactor primary coolant system response
during the initial high pressure blowdown pottion of a LOCA. Its

is an approximately 1:712 scale model of a tour-loop 1300 MWe
pressurized water teactor, consisting of two primary coolant
loops connected to the electrically-heated teactor pressure
vessel model. While both experimental loops are active loops
containing a circulation pump and a steam generator, one (the
intact loop) has three times the water volume and mass flow of
the other (the single oc broken loop). A brief description of
the test facility is given in Appendix I.

The TRAC-PFL/ MOD 1 nodalization we developed for the LOBI
facility is shown in Figute 2.2. Both loops are modelled, with
the triple-capacity intact loop shown on the left, the single
broken loop on the right and the vessel in the middle.

This model contains 44 components with a total of 256 cells,
of which 178 are 1-D cells and 78 cells are in the 3-D VESSEL
component; the distribution of these cells is summarized in
detail in Table 2.1. A complete listing of the input used for
the final Al-04R transient analysis is given in Appendix II.

There are a total of 150 heat slabs (90 teptesenting loop
piping and 60 in the vessel) in this Al-04R nodalization. Most
of the heat slabs in the 1-D components contain three nodes,
although 11 slabs modelling the U-tubes in each steam generator
have five nodos each; the majority of the 3-D vessel slabs use
the lumped-parametet model and thus have only one " node", while
the cote tods have 13 nodes.

The 3-D vessel model has 3 cadial tings (2 in the cote and 1
in the downcomet), ,2 unequal azimuthal sectors (2/3 and 1/3 on
the intact and broken loop sides, tespectively) and 13 axial
levels (3 in the lowet plenum, 6 in the core and 4 in the uppet
plenum). Of the two radial tings in the core, the innet ting
cocresponds to both the " central" and " intermediate" regions of
the 8*8 assembly (containing 36 out of the 64 tods present); the
second ring coctesponds to the " peripheral" region of tods
adjacent to the cote baccel (containing the temaining 28 tods).
A VESSEL component was used tather than a 1-D CORE component
because of the significant heater tod powet leakage in the uppet
plenum; the " leaky" heater cod extension into the uppet plenum
could not be modelled explicitly in the TEE or PLENUM components-

that would have been needed to hook the hot legs to the vessel
in a pucely 1-D model.

.
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The vessel nodalization is shown in detail in Figure 2.3.
The relative elevations of the level boundaries are given (for
comparison with Figure AI.3). The cote region axial levels were
based on the axial tod geometty and power profile information
given in Figure AI.4. The cote cell heights were adjusted to *

give the correct total mass in each power region using the
average innet cod diameter, to ensure the correct initial stored ,
energy; the single rod geometry forced by TRAC's input does not
allow modelling the actual " staggered" tod geometry. The core
rod heat slabs were extended into the lower and uppet plena,
since a significant fraction of the rod heat (~15%) is lost
outside the core " heated length", as shown in Figure A1.4.
Besides the core rods, heat slabs have been included for much of
the major vessel attucture -- the pressure vessel itself, the
core battel, the uppet closure plate, and the uppet head and
bypass line piping walls.

The external uppet head and bypass line (shown in Figure
AI.3 at the top of the vessel) were modelled with 4 1-D volumes,
attached at one end to the intact loop cold leg and at the other
end to one of the inner cells in the top level of the 3-D
VESSEL. More correctly, these connections would both have been
to cells in the top level of the 3-D VESSEL component, one in
the downcomet and one in the second cadial ting. However, this
would have required a third azimuthal sector, and was not done
to keep the total number of vessel cells below the perceived
limit (100) allowing direct inversion of the vessel solution
matrix; this limit is not specifically mentioned in the PFL/MODL
manual but shows up in an input processing ettor message.

Both the single-phase and the two-phase degraded homologous
head and torque curves for the two cicculation pumps are taken
from pubilshed LOB 1 pump curves (4,5]. The Semiscale two-phase
head multiplier curve was used since no other data was available.

Piping elbows and area changes are carefully modelled'in the
loop piping, using guidelines developed at Sandia ducing the
course of this assessment project. The resulting pressuto dropa
calculated are in good agreement with the differential pressure
measurements for steady state conditions [6]. Out results from
various steady state calculations (for the pKL natural circula-
tion tests [7,8] and the B&W OTSG separate effects tests (9) as
well as tot this LOB 1 integral test) indicate that the previous
RELAPS/MODL input developed cannot be used directly. User-input
loss coefficients representing pipe bends ate unchanged but
user-input loss coefficients for pipe toes are removed, because
our cosults suggest that the TRAC TEE component calculates some
of the necessary momentum effects internally (unlike RELAPS
BRANCH components). Hydraulic diametets (a cell-edged vaciable '

.
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in TRAC) are adjusted to produce the correct overall wall fric-
tion whenever two pipes of different areas (and hence different
cell-centered diameters) are adjacent. The vena contracta area
is input for orifices rather than the geometric area, and the
friction factor option is usually NFF=-2 (at area changes) or,

NFF=+2 (in smooth pipes and at both VESSEL connections and TEE
primary-to-secondary connections),

s
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| Table 2.1 Nodalization -

flydro Cells lleat Slabs BREAKS / PILLS
s

Intact Loop1

'

Hot Leg 5 5

SG Primary 13
U-Tubes 11
SG Secondary 32 2

Pump Suction 8 8

Pump 2 2>

Pump Seal Leakage 2 2 L

Cold Leg 5 4

Pressutizer
Vessel 5 5 2
Surge Line 6 6

Accumulatot
Vessel 5

| Valve / Surge Line 6 6

|
- Broken Loop

Hot Leg 5 5
- SG Primary 13

|
,

U-Tubes 11
SG Secondary 32 2

1 Pump suction 6 6
Pump 2 2
Pump Seal Leakage 2 2 1
Pump-Side Cold Leg 6 6 14

! ARGUS Valve 2 2
' Vessel-Side Cold Leg 7 7 1

i Vessel
Downcomer 26 26
Lower Plenum 12 8

Cote 24 12 (+4 tods)
Uppet Plenum 16 10
Upper llead 4 |

|
j .

1
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3.0 BASECASE ANALYSIS RESULTS

The first part of the LOBI experimental program consisted of
'

the six large-break Al tests. These were simulations of 200%
double-ended offset-sheat breaks in the cold leg pipe between
the pump and the pressute vessel. The first main LOBI test.s

-Al-04(C), was also chosen for a " blind" standard problem
calculational exercise, the LOBI pre-prediction exercise (LOBI
PREK). A summary of the Al test series is given in Table 3.1.
Three of these six tests (the PREX test Al-04, Al-03 and Al-04R)
were analyzed during out RELAPS/ MOD 1 independent assessment
program [3]. Of these, test Al-04R [11,12), the most similac to
a design-basis 200% cold leg break, was chosen as part of our
cuttent TRAC-PFL/ MOD 1 independent assessment program.

3.1 Transient Initialization

Table 3.1.1 shows the measured and calculated steady state
initial conditions with good agreement achieved for all majot I

lparameters. The TRAC steady state calculation was begun by
inputting the RELAPS initial values rather than from cold
no-flow conditions, saving significant computer time. As in our
eac11er RELAPS calculations, we found that using the minimum
tube-to-tube spacing as the heated equivalent diameter on the
outside of the U-tubes (rather than the usual hydraulic
diameter) was required to allow simultaneous matching of the
primary side cold leg temperature and the secondary side
pressure.

A tematkable fluid temperature imbalance was measured
between the outlets from the pressure vessel to tro broken and
intact loops. (This temperature diftetence may be caused by an
asymmetric flow behavior in the uppet plenum of the test
facility where, due to an extension of the heater tods, about 8%
of the total powet is transfetted to the fluid.) This fluid
temperatute imbalance between intact and broken loop is not
calculated, although ceasonable agreement is seen between
experimental weighted average fluid temperatures for the hot and
cold legs of both loops and the calculated temperatutes.

Table 3.1.2 gives the transient boundary conditions. The
vessel-side break flap valve opens first, defining time "zero";
the other, pump-side, break flap valve has a delay of ~0.05 a
before opening, and the ARGUS break isolation valve closes in
about 1 s. (The break assembly is described in more detail in
Appendix I, and is shown in Figure AI.9.) The core heater tod,

power after the transient stacts is controlled by the specified
power curve. Both the intact and bcoken loop pumps were also
controlled using specified speed-vs-time curves. The bleed from-

-L1-
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I the primary system, tequired for pump seal water temoval, was
stopped at blowdown initiation, although the seal watet injec-
tion in both pumps increased after the transient started. The

! feedwatet flows to the intact and broken loop steam generators
were ceduced to zero in 10 and 25 s, tespectively, and the steam ,

| outlets of the generators were kept open during the whole tran-
'

sient; the resulting secondaty side pressures were specified as
I boundary conditions in out analyses. The LOBI containment simu- e

!

lator was connected to the atmosphere; the containment pressure
! thus did not greatly exceed atmospheric pressure during the

transient and was therefore modelled as a constant one-atmosphere
i
i boundary condition.

A

3.2 Primacy System Thermal / Hydraulics
1

i Figure 3.2.1 shows the pressures in the intact loop cold leg
! and in the broken loop upstream of the pump-side break. (The

expetimental data digitized from the curves in the published4

,
data reports (8,9] are shown as dashed lines, and the calcula-

J tional results ace shown as solid lines.) The overall agreement
'

between calculation and experiment is very good. Aftet initia-
tion of blowdown, the satucation pressure in the hot legs is
teached in ~100 ms. At this timo, flashing in the hot leg starts
and the depressutization cate for the two cutves decreases,

j Flashing in the intact loop cold leg begins at about 3 s, which
causes a further decrease in the depressutization cate. After

;

~24 a the accumulator activation pressure is reached and the
|
j accumulator injection starts.

(This accumulator injection pressute value is calculated to
occur at about the right time, because it was used to choose the
value of the satucated discharge coefficient applied at the
break junctions. A value of 1.0 was found to give the best

i agreement with the data. The sensitivity of the calculated
results to the saturated discharge coefficient assumed is

! discussed in Section 5.3. The peak break flow values were the
criteria used to select the subcooled discharge coefficient;

! applied at the break junctions. A value of 1.0 gave the good
overall agreement for both pump-side and vessel-side peak break
flows.)'

The pressure in the broken loop upstream of the pump-side
break falls immediately to the saturation pressute and is then
mainly governed by the break flow. The mass flow cates upstream
of the vessel-side and pump-side breaks are shown in Figute

! 3.2.2. During most of the blowdown, critical flow conditions
exist at the throat of the discharge nozzles, so that the break
mass flows are determined only by the upstream flow conditions. ,

,

At the vessel-side break, subcooled water is supplied directly

i from the large downcomer region, which leads to prolonged
.

I
'

,

I
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; subcooled conditions upstream of the vessel-side break. As a
consequence, large vessel-side break mass flows (Figure 3.2.2a).

j occut during the first 2 s of the transient with values up to

j,
~70 kg/s. Due to the relatively large flow resistance of the
pump, piping and steam generator upstream of the pump-side.

2 break, the pump-side break mass flow (Figure 3.2.2b) is limited
to values below ~30 kg/s. The break flows calculated are in good
agreement with experimental data, with no long-term deviations'*

! visible.
! l

) (The measured break flow data given come from combining
! densitometer and either turbine meter (pump-side) or drag disc
,i (vessel-side) measurements, and are subject to several ettors in
; addition to standard measurement uncertainties. [9] The pump-
! side drag disc measutement was considered to be unreliable due
i to a transducer mounting ettot. The vessel-side drag disc trans-
j ducer was uncalibrated tot positive flows, explaining the

difference in initial steady state flow shown, and the measure-
-I ment channel was saturated for the first few seconds of the
) transient, explaining the truncated peak break flow data shown.
I However, the given measurement uncertainty afterwards is small
i compared to the data; in contrast, the velocity measurement

uncettainty on the tutbine metet used for the pump-side break
j flow is quite large compaced to data, and is the likely source
; the pump-side initial steady state flow discrepancy.)of

! The calculated and measured broken loop cold leg densities
3 between tne vessel and the vessel-side break valve are shown in

Figure 3.2.3. The cold leg volds somewhat more quickly in the
calculation from 5 to 10 s than was measuced, and accumulator,

} liquid slugs ate not calculated in the broken loop cold leg
until ~50 s, about 25 s latet than first measuted. Also, the,

i mechanism generating these oscillations is apparently diftetent
in the calculation and the experiment. The measured density

j oscillations begin at about the same time as accumulator injec-
tion and bypass, and thus are likely condensation-induced.'

However, even though substantial bypass is calculated, calcu-
I lated density oscillations do not appeat until the lower plenum
; refills and liquid begins enteting the core, with resulting

manometric flow oscillations as steam generated in the coreJ

pushes the accumulatot liquid back up the downcomet and into the
i broken loop cold leg. (This will be discussed in more detail in
j Section 3.3.)

| Figute 3.2.4 gives the broken loop hot leg and pump suction
; leg densities. The agreement with data is genocally good. The

small brief increase in density at about 5 seconds cottesponds
to the toestablishment ot positive cote flow. The hot leg

; density comparison suggests that this increase is slightly-

undetptedicted in the calculation. While little sign of this'

slug is visible in the calculated pump inlet density, it does
'

propagate through this point because it can be seen in the
pump-side break upstream mass flow in Figure 3.2.2b.'

<
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The hot leg and pump suction leg densities in the intact
loop are shown in Figure 3.2.5. The calculated pump inlet
density is in very good agtoement with data, but several dis-
crepancies are seen in the hot leg. The high density measured .

early in the transient (~5-10 s) is probably a combination of
the pressutizet draining, the teostablishment of positive coto
flow and the draining of the steam generator U-tubes, as is the e

smallet density spike at ~15 seconds. The calculated behaviot is
both qualitatively and quantitatively dittecent in the titst
30 s of transient, with a smaller titst density spike and a
larget second spike and subsequent density drop all later thar.
measured. The soutco of these discrepancies is not known. (The
intact loop cold leg density, particularly the behavior after
the onset of accumulator injection, will be discussed in
Sections 3.3 and 5.1.)

Most of the primary side temperatutes are in good agtoement
with experimental measurements, because large pottions of the
primary system comain satutated after the initial blowdown and
because the overall agtoement betwoon calculated and measuted
system pressuto is quite good, floweve r , some vapor superheat was
measured in the course of the transient, primarily atound the
steam generatot inlets and outlets. Summaries of measured and
calculated tempotatutos in the primary system are given in
Figures 3.2.6 and 3.2.7. During the course of the blowdown, the
primacy pressure drops below that in the secondary system, aftet
which time heat is transtorted from secondary to primacy in the
steam generators. This is cloatly visible in Figure 3.2.6 where
the steam generatot outlet plonum tempotatute at late timos
rises to the secondary side tempetature (not shown but ~540 K).
The same phenomenon is qualitatively calculated in the broken
loop steam generator (Figute 3.2.7) but at a smallot magnitude
than measured.

We see problems calculating the cottoct vapor supotheat
conditions in some places. As shown in Figure 3.2.6, the intact
loop steam generator inlet plenum shows calculated vapot supet-
heat appoating latet (by ~5 seconds) than measured; this
temperatute then tison to the measured value within about
anothet 5 s and subsequently docteases at ~50 seconds in
agtoement with the data, flowevo c , the supetheating does not then
tocover to its previous value, as observed. The same behavior is
seen in both the calculated and measured intact loop hot leg
temperatures. This indicates that loss supecheated vapot is
being generated in the cote and transpotted out the hot 109 at
late times in the calculation as compared to the expetiment.

The second place thote ato problems is seen in Figure 3.2.7. -

The broken loop steam generator inlet plenum temperatuto is
measured to be at saturation rather than supecheated through

.
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most of the transient, while the calculation shows ~10-20 K
] vapor superheat after about 30 seconds, when the broken loop is

mostly voided; this may tepresent superheated vapot being
,

transpotted from the cote, energy transfer from the hot piping
walls in the model oc simply a reflection of some relatively |

-

stable nonequilibrium behavior being calculated by TRAC. The
broken loop steam generator outlet plenum temperature, however, |,

shows less supecheating throughout the entice period of revetse
heat transtet than measuted. The low supotheating calculated may
be due to too high a mass tiow rate through tho tubes' primary
side or to too high a liquid proportion in the broken loop flow.

The vapot'supetheat seen in the hot legs and/or steam
generatot inlet and outlet plena is dissipated at the vapot

! continues to flow atoond the loops and enters the pumps.
j Downstream of the pump in the intact loop, a different set ot

phenomena dominates the temperatute (and density) teuponse due
to accumulator injection, as will be discussed in Section 3.3.

'
3.3 Accumulator injection

The injection of ECC watet from the intact loap accumulatot
is initiated when the pressure in the intact loop cold leg falls
below the accumulator pressute of 2.7 MPa at ~24 s. As shown by
the accumulatot in jection flow cates in Figure 3.3.1, the maxi-
mum measured injection is 33 kg/s, while the maximum calculated

I cate is 3.4 kg/s. (Sensitivity studies on the effect of the
! accumulator surge line tesistance on the injected flow are
| discussed in Section 5.4.) The accumulator injection is undet-
; predicted by ~10% at later times in this calculation, possibly
; due to some miccalculation of condensation effects on the
| pressure drop at the injection point.

About 2 s aftet the injection has statted, the cold leg pipe
'

between the injection point and the pressute vessel is cou-
pletely filled with subcooled watet in the expetiment, as |

indicated ray the steep increase of the fluid density to its
subcooled value during this time potiod in Figure 3.3.2: in
contrast, the calculation shows a much lowet density indicating
a cubstantiel quantity of steam still present. The calculated

,

| density response after the onset of accumulator injection was
found to be very sensitive to the nodalization detail used, as
will be discussed latet in Section 5.1. Figure 3.3.3 shows the
liquid temperatute at the ECC injection point, which is<

I correctly calculated despite the density behavior shown in
i Figute 3.3.2. (The vapot still present in these cells remains
! saturated.)

'
i

Most of the injected ECC water bypasses around the downcomer ,

and le discharged through the vessel-side break during the,

i
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j blowdown period. However, some accumulator liquid is delivered
; to and retained in the vessel almost immediately, so that there
| is no significant period of perfect bypass predicted. The calcu- |

lated vessel liquid mass is shown in Figure 3.3.4 there is no |
-

;
'

measured data available tot comparison. It begins increasing at
i ~28 s, only 4 seconds aftet accumulator flow begins and several
j seconds before the accumulator flow peaks at ~33 s. The 50 kg

'

i increase in the vessel liquid mass after this time represents
} about 25% of the total accumulator injection (assuming ~65 s of
i ~3 kg/s injection). The other 75% must be bypassing the vessel
j and going out the vessel-side break, since the loop densities i

! (in particulat, the cold legs) do not show any substantial
.

liquid accumulation. This is vetified by a careful scrutiny of
i the vessel-side break flow cate shown in Figure 3.2.2a, where a

small increase in flow cate of ~1-2 kg/s is seen starting at:

] about 25 s.
J

Figure 3.3.5 shows the downcomer liquid mass, indicating
! that most of the accumulator liquid tetained in the vessel

.

actually remains in the downcomer, although some of it does !

ceach the lowet plenum, as seen in Figure 3.3.6. The oscilla- |
| tions starting at ~45 seconds push small amounts of water up
{ into the cote, as shown in Figure 3.3.7, which gives the core
| liquid mass. (The magnitudes of the oscillations being calcu- |

] lated in the downcomet, lower plenum and cote are the same, but
1 the different ordinate scales visually exaggerate the oscilla-

.

j tions in the lower plenum.) ?

l
These "manometet-type" oscillations occur when the liquid

3

entering the core from the downcomet via the lowet plenum con-
,

tacts the hot core rods and is capidly vaporized. The resulting *

increase in local core pressute pushes liquid from the cote and
lower plenum back up into the downcomet until continued accumu-

!
lator injection and pressure decay causes the process to repeat.
The Croquency and amplitude of these oscillations depend i

strongly on the cate of core quenching and on the ECC liquid
injection cate. The vessel cotill rate in this transient is slow

['
,

{ enough that a capid core reflood does not occur. Instead, the
I rod heat is slowly removed via steam cooling, by the steam
j generated during the liquid inflows in these oscillations. .

| f
:

-

.

f 3.4 Cote Thetmal Response

The initial unbalance of the two break mass flows leads to a
reversal of the core flow during the first few seconds of the

j blowdown, while the flashing process is teatricted to the hot
; legs, uppet plenum and core cogion. This is shown by the nega- ~

j tive core inlet liquid flows during this time petiod in Figure
i 3.4.1. After flashing has started in the downcomer region, a

,

]
,

!
!

! l
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positive core mass flow is roestablished, as seen between 3 and
10 s. This positive flow sweeps remaining fluid with higher4

| density from the lowet plenum thcough the core, the hot leg and
'

i the steam generator, and shows up in Figure 3.2.2b as a small
increase in the pump-side break flow after a minimum at ~3-4 s.

a
I (The large liquid flow oscillations in Figure 3.4.1 after 45 se

teClect the manometcic oscillation of accumulator liquid between

] the core and the downcomet and lower plenum, discussed in
'Section 3.3.)4

Even small amounts of liquid entering the core contribute
strongly to core heatet rod cooling. Figure 3.4.2 shows the

'

input core power and the total rod heat transfer rate; changes
'

in the total cod heat transfet rate are related to the coce
'

inlet liquid flow changing the core liquid mass (shown previ-
! ously in Figure 3.3.7). Generally, when the total rod heat

, transfer rate is greater than the core power, the rods cool
| down; conversely, when the total rod heat transfer rate is less

than the core power, the rods heat up. This can be best seen by
correlating the qualitative behavior of the maximum calculated
heatet tod t.emperature, shown in Figure 3.4.3, with the diffet-
ences between core input power and total rod heat transfer given
in Figure 3.4|.2. ,

The rod heat transtet drops rapidly below the input core
power soon after transient initiation as the core voids, but
then recovers somewhat due to reestablished positive core flow
cetucning some liquid to the coce. As the total rod heat trans-
fer drops early in the transient, the maximum rod temperatute
increases rapidly until tucned around by the reestablished posi-
tive core flow forcing total cod heat transfer to be greater!

than the input core power. The core powet is greater than'the
total rod heat transfer'again at 13-15 s when another more

i gradual general core heatup is calculated, as shown by the
i second increase in maximum heater tod temperatuto during 1. hat
: time period. The heat transfer and the gradual drop in the

maximum rod temperature from about 13 s to 45 s are due almost;

entitely to steam cooling, which is then enhanced afteri

intermittent delivery of accumulator liquid to the core begins
at ~45 s.

.

| Measured and calculated heater tod temperatures for the
! various instrumented levels are shown in Figures 3.4.4 through ,

3.4.Ll. When only a single measured rod temperature is shown for
' a given level, it represents a mean'or typical temperature of

all thermocouples in the centcal and the intermediate U:ut not
; the peripheral) cote regions. Calculated values in the firstt

core ting and data from the central and intermediate rod zones
,f are all indicated as " center", while calculated values in the

second core ring and data from the peripheral rod zone are-

marked " edge".
.

s
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The differences between measured and predicted temperatures
before and shortly after time zero are a result of the steep
tadial temperature profile in the heater tube walls for the high
sutface heat fluxes present during forced convection and
nucleate boiling; the thetmocouples, which are located 0.4 to -

0.5 mm beneath the outer rod surface, indicate temperatures up
to 15 K highet'than the calculated surface temperatures during

'
this petiod. After departure from nucleate boiling (DNB) has
occurred, these differences are much smaller due to the rela-
tively flat radial tempetatute profile that develops.

,

In the data. DNB is seen throughout the entire core heated
length at about 1s (Figures 3.4.4 through 3.4.11). The peak
clad temperature (PCT) of 823 K was measured in the high-powered
middle section of the heated length at 3.2 s, just before the
power input was reduced to 32.5% (Figures 3.4.7 and 3.4.9). The
reduction in power combined with the improved cooling conditions
as flashing began in the downcomer and positive core flow was
reestablished caused an eacly rewetting of most of the rods at
around 10 s, but a second dryout occurced almost immediately in
the middle and uppet levels (Figures 3.4.7 through 3.4.11). The
rewet observed at ~10 s is total for heater tods in the central
and intermediate rod zones, but only pattial for rods in the
peripheral rod zone adjacent to the core battel (particulatly
visible in Figure 3.4.8), suggesting that some flow channeling
occurred in the test. Rod cooldown due to accumulatot-driven
recovery is seen at latet times in the higher core levels. The
magnitude of the accumulator injection is not high enough to
reflood the core on this time scale; instead, the rod tempera-
ture drops are primatlly due to steam cooling, as small amounts
of accumulator liquid are flashed i n t.h o core.

Just as measured, DNB was also calculated to occur through-
out the entice core heated length at about I s. A PCT of 788 K
was calculated in the middle of the high-powered middle section
of the bundle at 3.2 s, just before the power input was stepped
down. Many of the tod temperatures calculated exhibit an initial
dryout followed by a partial or total rewet and a second dryout,
as does the experimental data. The calculated cod temperatures
also show'a bottom-up cooling front. The qualitative behaviot is
generally well-predicted despite minor quantitative differences.

The tod temperatutes at the core entrance (Figure 3.4.4) are
in very good agreement with data. Farther up the lower core
(Figures 3.4.5 and 3.4.6), the early-time partial core ruwet
begins a little earliet in the calculation than observed (lead-
ing to lower predicted blowdown peak temperatures) and the
early-time total cote tewet is calculated somewhat lator than-
observed; the second brief dcyout and heatup in the calculation '

is later and smaller than that measured.
.
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The predicted PCT of 788 K at the cote mid-plane (Figure
3.4.7) is in reasonably good agreement with the experimental
value of 823 K. The discrepancy may be due primarily to the
approximation of the actual staggoced hollow-tod geometry.

requiced in the TRAC input. Using the rod average thickness and
adjusting the heights of the various cote levels (as already
mentioned in Section 2), we matched the powet input to each
section and the total mass in each section, ensuting the co5r,et
initial stored energy. Howevet, the average hollow tod thickness
in the high-powered middle section of the core heated lengt h is
greater than the actual thickness in that ret on, which would
increase the characteristic conduction t#74 490 thrG slow the
rod surface heatup. (There is no way to match all the staggered
hollow-cod geometry within the current TRAC input limitations.)

The tod temperatures at the core mid-plane also show an
earlier partial rewet in the calculation, with no total cote
rewet calculated: the predicted second heatup begins from higher
cod temperatures and thus the calculated late-time rod tempeca-
tures are generally higher than observed. The experimental data
show an early-time total core rewet only in the central and
intermediate zone cods above and below the core mid-plano; the
peripheral rods show only a partial rewet befoce the second
heatup. The data also show an early tod " quench" at ~20-30 s
just below the cote mid-plano (Figure 3.4.8a), and a later
quench at ~60 s just above the core mid-plane (Figure 3.4.8b);
while one of the tods cools substantially at ~30 s in the
calculation, quench at the mid-plane is not predicted until
after ~60 s, with considerable asymmetry in the individual cod
quench behavior.

Above the core mid-plane region (Figures 3.4.9 and 3.4.10),
the early-time partial core tewet also begins slightly earlier
in the calculation than was observed, leading to somewhat lower
peak cod temperatures. A total core towet is calculated.in tods
in the inner core ting, which represents the central and inter-
mediate heatet tod zones, but not in the second core ting,
representing the peripheral tods; this indicates that some flow
channeling is being calculated. Higher in the core, particularly
at the core outlet (Figure 3.4.11), the calculated temperatutes
are substantially lower than measured, although qualitat.ively
correct; this may be due pactly to our assumption that the ~8%
heatec cod powet leaked into the upper plenum is uniformly
distributed there, while it may actually be concentrated more
near the cote heated length.

.

9
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Table 3.1.1 Steady State Initial Conditions*

Variable Data TRAC,

Core Power (MW) 5.12 5.12
Primary Pressure (MPa) 15.3 15.26

IL Hot Leg Temperature (K) 600 600.9,

J IL Cold Leg Temperatuce (K) 571 570.0
IL Mass Flow (kg/s) 21.1 21.0

)
- IL Pump Speed (rad /s) 498 500.

BL Hot Leg Temperature (K) 606 600.54

} BL Cold Leg Temperature (K) 571 569.8
i BL Mass Flow (kg/s) 7.0 7.01

BL Pump Speed (rad /s) 397 400.

IL SG Pressure (MPa) 6.4 6.4
IL SG Steam Temperature (K) 553 553.0
IL SG Feedwater Temperature (K) 493 493.0

) IL SG Feedwater Flow (kg/s) 2.07 2.1

| BL SG Pressure (MPa) 6.4 6.4
; BL SG Steam Temperature-(K) 553 553.0

BL SG Feedwater Temperature (K) 501 501.0
BL SG Feedwater Flow (kg/s) 0.8 0.8

|

.

%

s e
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Table 3.1.2 Experimental Boundary conditions

a

Vessel Side Break Opens 0-0.005 s

Pump Side Break Opens 0.045-0.050 s

ARGUS Valve Closes 0-0.6 s

Core Power 0-3.2 s 100s
3.2-15 s 32.5%
15-20 s 12.6%
20-30 s 8.8%
30-50 s 5.3%
50- Ot

Intact Loop Pump Speed 0 s 100%
0-8 s ramp to 71%
8- 71%

Broken Loop Pump Speed 0 s 100%
0-3 s ramp t.o 101
3-36 s ramp to 0%
36- Ot

IL Pump Seal Water t<0 0.019 kg/s
t>0 0.025 kg/s

BL Pump Seal Water t<0 0.018 kg/s
t>0 0.030 kg/s

Pump Seal Water Drain t<0 0.037 kg/s
t>0 0

IL SG Feedwater Flow camp to 0 in 20 s

BL SG Feedwater Flow camp to 0 in 10 s

.

I.

!

!
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4.0 BASECASE ANALYSIS DISCUSSION

Before discussing the results of some sensitivity studies we
performed evaluating the impact of various input and/or.

modelling assumptions and values (given below in Section 5),
some further discussion of the basecase transient results is
presented in this section. In Section-3 we summarized the*

overall final transient results and, by comparing them to
measured data, evaluated the ability of TRAC-PF1/ MOD 1 to
correctly predict the. physical phenomena dominating ~ accident
response in a large-break LOCA. -In this section, differences in
results and in run times due m3 machine variationn are
discussed; the basecase TRAC results are also briefly compared
to the results of our previous RELAPS/ MODI analyses of this same
t.e s t .

4.1 CYBER-76 vs CRAY-1S Results

For reasons discussed below in Section 6.1, the Al-04R
transient has been run on both the CYBER-76 and CRAY-1S
computers at Sandia. Both calculations used the same input deck
and the same code version, i.e., version 12.0 of TRad-PF1/ MOD 1
with an additional Sandia-generated code update which corrected
an error in the FILL component coding (discussed below in
Section 6.3); neither calculation included the "FIX12" code
updates later received from LANL. This allowed us to compare
transient results and-run times on the two machines for
identical calculations. (We had not done any large, long;

comparison calculations on the two machines previously.)
|

While most of the calculated-response (e.g., primary system
pressures and accumulator injection) was virtually unchanged,
two unexpected areas of difference were noted. The first of
these involved some mass flow rates and was determined to be due
only to an error in the graphics in the CRAY code version; this
error is described in more detail in Section 6.4.

A potentially more serious discrepancy is seen in the core
heater rod temperatutes. Although all core levels show some very
slight discrepancies between the CYBER and CRAY results, such
variations are most readily visible in the middle region of the
core. Some small differences are apparent at the 2.8006 m
elevation, as can be seen by comparing the CRAY result shown in
Figure 4.1.1 with the CYBER result in Figure 3.4.6.

] The differences, in the late-time ~ core temperatures in
particular, can better be seen by comparing the heater rod-

. temperatures at the core mid-plane in the CRAY cun, shown in
i Figure 4.1.2, with those from the CYBER run shown in Figure

''

3.4.7. Both the two inner and the two outer rods in the CRAY

!
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calculation have very similar temperatures while, in the CYBER
tun, each of the four rods has a very different temperature,
particularly. latet'in the transient.

Differences can also be seen easily in the heater tod .

temperatures at the 4.2574 m vessel elevation, by comparing the
CRAY result shown in Figure 4.1.3 with the CYBER result shown in
Figure 3.4.9. The CYBER calculation shows two inner rods -

rewetting completely at about 10 seconds and rod L then heating
up again somewhat before cooling by the end of the transient.
The CRAY tun shows tod 1 cewetting completely at about 10 s and
then generally remaining neat the system saturation temperature
except for a minor second heatup; in contrast, rod 2 heats up
again after only pattially rewetting and then remains relatively
hottet until eventually cooling down at about the same time as
tod 1 in the CYBER calculation. At this core level, besides the
difference of two tods totally rewetting compared to only one in
the innet core ring, the relative behaviors of rods 1 and 2 are
teversed.

The different rod temperatutes generally suggest s,o m e
variance in the flow distribution being calculated in the
vessel. The actual flow patterns are not compared because all
components of the mass flow rate are not available edit or plot
variables in a 3-D VESSEL component, and because the code logic
for the mass flow rate signal variables does not allow for
changes in the density donor-cell definition with changes in
flow direction.

The reason for these differences is not known. The
variations in rod tempetatures between the CYBER and CRAY
calculations are qualitatively and quantitatively similar to the
variations seen between the CYBER basecase run and the preceding
CYBER tun, which had incorrect secondacy side feedwatet
injection due to a code erroc (discussed further in'Section
6.3). Changing the secondary feedwater flow did not result in
any obvious differences in the calculated primary system
response, particularly in and around the steam generators where
some differences could have been expected. However, the change
in feedwater flow apparently changed the calculation time step
history slightly, resulting in small differences in the rod
temperatures. Similar small differences in the time step hist.ocy
between the final CYBER and CRAY calculations may be the source
of the discrepanciou unen.

Neither of the calculations gives results that are obviously
unphysical, or obviously more correct. However, the differences
are wortisome because they suggest that the rod temperatures
(pacticularly, the rod rewet and quench response at the core hot -

spot) are very sensitive to small differences in the vessel flow
distribution. This in turn implies that the rod temperature

,
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response may prove equally'or more sensitive to the radial and
azimuthal flow area fractions used, which are generally only .

educationally " guessed-at" values.
.

4.2 TRAC-PFl/ MOD 1 vs RELAPS/ MOD 1 Results
.

The results of our TRAC-PFL/MODL basecace analysis for the
Al-04R test are generally comparable to those of out previous
RELAP5/ MODI calculations [3]. We have not crossplotted the
RELAPS and TRAC results because the various curves in auch
crossplots would be close enough together to make the plots hard
to decipher. However, in this section, our earlier RELAPS
results are briefly summatized, for reference in discussing the
TRAC vs RELAPS results comparison.

Figure 4.2.1 shows the intact and broken loop cold leg
pressures, and the pump-side and' vessel-side break mass flow
rates from our earlier RELAPS/MODL calculation. As can be seen
by comparing these results to those calculated by TRAC-PFL/MODL,
shown in Figures 3.2.1 through 3.2.3, very similar break flow
and primacy pressure behavior were calculated, for similar break
flow models in the two codes. However, the saturated break flow
discharge coefficient used with RELAPS was 0.85 tather than 1.0
as in TRAC; 'both analyses used subcooled break flow discharge
coefficients of 1.0.

As discussed latet in Section 5.4, .similar accumulator ,

injection flow rates were calculated by the two codes using very
different user-input loss coefficients (for'the same. surge line
lengths and flow areas). Figure 4.2.2 gives the accumulator
injection flow rate, the intact loop fluid density and the
liquid temperatute downstream of the accumulator injection point
from out RELAPS/ MODI calculation, for-comparison to the final
TRAC-PFL/ MOD 1 results shown in Figures 3.3.1 through 3.3.3. For
similar cold leg nodalizations, the RELAP5 downstream density
and the TRAC downstream temperature are in better agreement with
data respectively, although the differences are minor.

Another minor dif f erence in the: two codes' results is seen
by comparing the RELAPS intact and broken loop steam generator
inlet and outlet tempetatures shown in Figure 4.2.3 with the
corresponding TRAC results shown in Figures 3.2.6 and 3.2.7.
RELAPS/ MOD 1 generally calculated less vapor superhnal by
maintaining saturation conditions until all liquid had
vaporized: TRAC-PFL/ MOD 1 in contrast generally has unequal
liquid and vapor temperatures when both phases are present, so

~

that nonequilibrium vapot superheat is calculated ceadily.
.

.
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One major effect of these differences in calculating eithet
; equilibtium saturated liquid /vapot mixtures (in RELAPS/MODL) or

nonequilibrium saturated liquid /superheated vap'or mixtures (in
: TRAC-PFl/MODL) is seen in the late-time core rod temperature

behavior, because the core in this test is recovered more by .

steam cooling than by reflood quenching. Figure 4.2.4 shows the
lower core, mid-core and uppet core rod temperatures from the
RELAP5/ MODI calculation. To facilitate comparison, the TRAC cod -

temperatures shown in Figures 3.4.3 through 3.4.10 have been
replotted in the same abbreviated form'in Figure 4.2.5 (but with
different time scales); of the four tods in the TRAC model, rod
3 was used for these summary plots.

The (blowdown) PCT predicted by RELAPS/MODL (820 K) is in
much better agreement with data than the final TRAC result, and
lies within the experimental uncettainty of 13 K; the better
agreement is probably because the staggered hollow-rod geometry
could be explicitly modelled by RELAPS and only approximated by.
TRAC. RELAPS/MODL predicted a larger core rewet at 5-15 s than
that measured while TRAC-PFL/MODL gave a smaller partial core
rewet in the same time period (for similar core bypass flows).

The tod temperatures calculated at later times by TRAC are
in bettet agreement with data than those from RELAP5/ MOD 1 (which
does not have a moving-fine-mesh reflood model); RELAP5
generally predicted a mote uniform cooldown throughout the
entire core, particularly visible in the'mid-core region, rather
than a quench front progressing up the core as actually3

; observed. The absence of any sustained hot leg superheat in the
RELAPS/MODL analysis indicates that the core'is being cooled
mostly by the heatup of a saturated two-phase mixture rather
than mainly by the generation of superheated vapor within a
two-phase mixture.

4.3 Computational Run Time

As shown in Figure 4.3.1, 90 seconds of the Al-04R. transient
calculation with TRAC required ~7250 seconds of CPU time on our
CYBER-76. The ten seconds.of steady state were much faster
tunning than the transient, as would be expected. The time step
was reduced, by input, to 10-4 s at " trouble spots", i.e., at
times when phenomena were changing extremely rapidly such as the
opening of the break valves and the onset of accumulator
injection. Code fallutes were common at these points when no
such adjustment was made, because the code could not adequately
foresee the changing conditions and automatically reduce the
time step quickly enough. These time step reductions did not add
substantially to the overall run time and helped avoid the -,

'

necessity of reruns with progressive time step reductions.
.

O
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Figure 4.3.2 shows the time step used during the CYBER
calculation. The apparent decrease in time step before transient
start is an artifact of the plot edit frequency. There is a

* substantial time step decrease early in the transient, prior to
1 10 s, followed by a rapid time step increase to more than half-

j of its steady-state (Courant-limited) value at about 10 seconds;
afterwards, the time increment slowly decreases, with a brief

,

I user-imposed time step reduction at ~25 s due to the onset of
*

accumulator injection. The time step drops then more or less
t continuously until the accumulator water beg' ins appearing in the

core at.about 45 s. The'resulting manometric flow oscillations,

! being calculated (described in Section 3.3) are accompanied by

{ 1arge oscillations in the time step.
;

The same calculation was somewhat faster running on a
CRAY-lS, as'shown in Figure 4.3.3. The total CRAY CPU time was,

~5200 seconds, with over ~5050 seconds.of CPU time used for the ;
'

; 90 seconds of transient. In this calculation also,- the time step
was reduced to 10-4 s at the same expected trouble spots,
using the same input. Figure 4.3.4 shows the time step used ,

during the CRAY calculation. The overall behavior is very
similar to that seen in the CYBER calculation, given in Figure
4.3.2, with the time steps appearing slightly different in
portions of the transient: the plots may appear to be morei'
different than they actually are because of a plot edit
frequency which is too large to display all the oscillatory-

behavior. The small differences in time steps may cause the
i different core behavior in the two calculations discussed in
5 Section 4.1, or may be a result thereof.

The various run time statistics on the two computers are
~

;

: summarized in Table 4.3.1. The overall results are somewhat
j surprising. We expected the CRAY version of the code to run
j about a factor of 2 or so faster than the CYBER version,
J especially since the'CRAY version is not overlaid; instead the
I speed-up is only a factor of 1.4. Upon further investigation, we

discovered that our CRAY version of the code had been ,

inadvertently ~ compiled with vectorization turned off. Test
calculations done since that run was made suggest that
vectorization causes a 35% speedup, so a production calculation,

j with vectorization on should run nearly two times faster on the
CRAY than on the CYBER, as originally expected.

4

Table 4.3.1 also gives the RELAPS/ MODI run time statistics
| [3]. That calculation took ~10800 seconds of CPU time on our

'

CYBER-76. As with the TRAC calculations, the ten seconds of;

| steady state were much faster running than the transient portion
of the calculation. During most of the transient (after 20 s),'

,

the time step.was held down to a maximum of 2.5 ms via user,

; input in order to eliminate spurious temperatute oscillations in
the steam generators; those oscillations, if not controlled,.
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J

were severe enough to eventually abort the calculation. Because.
of this drastic time step teduction (which we made no attempt to i

optimize), tt.e RELAPS/ MOD 1 transient calculation was much slower
'

,

running than the equivalent TRAC calculation. Howevet, the ,

"gtind time" for the RELAP5 analysis is substantially smallet
i than for TRAC. The major ceason foc.this ~is probably that TRAC..

during most of the transient, is averaging two-to-three outer .

iterations per time step, in effect increasing the " number of'

.
time steps" used in the calculation; this increased number of
effective time steps is not reflected in the table's grind timei

! computation. (Because of the greatly uset-ceduced time step in
our previous RELAUS/MODL calculation, RELAPS is repeating less
than 11 of its attempted time steps; a large number of repeated
time steps should also show up as an increased grind time if ;

only the number of~ successful time. steps is used to calculate ,

the RELAPS run time efficiency.)
'
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Table 4.3.1 Run Time Statistics

CYBER-76 CRAY-lS RELAPS/ MOD 1 (CYBER)
St.St. Trans. St.St. Trans. St.St. Trans.*

Problem Time (s) 10.0 90.0 10.0 90.0 10.0 80.0

CPU Time (s) 227. 7278. 149. 5069. 234. 10773.

Numoer of Time Steps 237 5702 237 5652 817 33746.
i

Average Time Step Size (ms) 42.2 15.8 42.2 15.9 12.3 2.40'

CPU-Time / Problem-Time 22.7 80.9 14.9 56.3 23.4 135.

CPU-Time / Problem-Time / Cell 0.09 0.32 0.06 0.22 0.13 0.72

& CPU-Time / Time-Step (s) 0.96 1.28 0.63 0.90 0.29 0.32

CPU-Time / Time-Step / Cell (ms) 3.74 4.99 2.46 3.50 1.54 1.71

* Time step held down.by user to a maximum of 2.5 ms after 20 s of transient
to prevent divergent temperature oscillations

|
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5.0 SENSITIVITY STUDIES

Several preliminary and/or follow-up calculations were done
to investigate the sensitivity of the predicted behavior to-

various input parameters and/or modelling assumptions. The
results of these analyses are briefly discussed in this section.

.

5.1 Cold Leg Nodalization

One of the discrepancies between our basecase calculated
results and the experimental data, mentioned in section 3.3, is
in the cold leg densities downstream of the ECC injection port
after accumulator injection begins. TRAC predicted the cold leg
to be about 40% full of liquid, while the data at that location
showed the cold leg to be liquid-full.

A presentation by C. Richards of the UKAEE Winfrith at a
recent Code Assessment Review Meeting (13] showed that similar
behavior had been seen by other TRAC users, and that the calcu-
lated behavior was very sensitive to the number of cells used in
the cold leg.

We therefore restarted the Al-04R transient calculation, at
the time that accumulator injection began, with more nodes in
the intact loop cold leg. The base nodalization had only one
cell between the injection node and the downcomer, as shown in
Figure 5.1.la: the subdivided nodalization had five cells
between the injection cell and the vessel inlet, as shown in
Figure 5.1.lb. The distance between the vessel and the injection
point was accidentally changed slightly, with injection 0.841 m
from the vessel inlet in the basecase model-and 1.041 m from the
vessel inlet in the finer-node model. The cell upstream of the
injection volume was also subdivided for Ax consistency.

Figure 5.1.2 shows the cold leg densities at and downstream
of the accumulator injection port for the restarted calculation,
compared to data downstream of the injection. Unlike the results
shown in Figure 3.3.2, the downstream density now indicates that
a liquid-solid plug is being calculated in part of the cold leg
downstream of the accumulator injection point; the density'at
the vessel inlet is also highet for the finer noded cold leg
than in the basecase run. Injection oscillations are calculated
in both cases. The density oscillations are exaggerated in the
smaller cells of the finer noded cold leg when some void is
present, but the flow oscillations are not large enough to dis-
tupt the liquid-solid plug formed. The density at the injection
point itself remains low, indicating substantial amounts of

* vapot remaining, and is very similar in both calculations.

.

i

|
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For a different viewpoint, the density profiles in the cold
leg 40 seconds into the transient for both the base calculation
and the restarted calculation are shown in Figure 5.1.3: the .

profiles at other times during accumulator injection are very
similar. A liquid-solid plug in the more finely noded cold leg
extends through three cells, but does not include either the -

injection cell or the cell adjacent to the vessel. The densities
downstream of this liquid plug in the vessel downcomet are also
higher than those in the base calculation, although there is
still substantial vapor present. (The measured density data
indicate that the vessel inlet is only ~70% full of liquid even
when the cold leg measurement location itself is liquid-full.
[11,12])

This quite different behavior in the intact loop cold leg
downstream of the accumulator injection port did not alter
significantly any of the other calculated behavior. Thus, while
a fine noding is apparently needed to calculate the cold leg
density behavior seen, it is not obvious that such a fine noding
is needed in order to predict the overall transient response.

5.2 Core Bypass Flow

Two different bypass flow paths exist in the LOBI vessel. A
downcomer-to-upper plenum core bypass of approximately 5% is
caused by 8 holes of 5.0 mm diameter at the uppet end of the
core barrel tube; a further estimated bypass between the lower
and upper plena of about 2% occurs via the gap between the
ceramic fillers and the core barrel tube. [12] The magnitude
assumed for these bypass flows was found to have a significant
effect on the calculated results, particularly in the early-time
core rewet.

These two bypass flows were combined into a single flow path
in our vessel nodalization, as a larger (to avoid small Courant
time step limits) flow area from the second core ting to the
downcomer ring in the topmost axial level of the 3-D VESSEL
component. The radial flow loss coefficient was adjusted to give
the desired total steady state bypass flow.

In several of our preliminary calculasions, this bypass flow
vu .ccidentally zerood out due to a user input error. The
recults showed no core rewet calculated during the ~5-15 second
period, because of a reduced (compared to data) teostablished
positive core flow. In later calculations, the core bypass was

.
varied from 5% to 7% by changing the appropriate radial loss

'

coeC[icients. (The basecase analysis discussed in Section 3 used -

an intermediate core bypass value of ~6%.)

.
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The core inlet liquid and vapor mass flow rates for calcula-
tions with no core bypass, with 5% core bypass and with 7% core
bypass are compared in Figure 5.2.1. The early-time negative
liquid outflow is virtually identical in these three runs, but.

the subsequent positive core flow is significantly larger when
the core bypass flow is modelled. This reestablished positive
core flow is greater for 7%-bypass than for 5% bypass, although-

this is hard to see from the plots in Figure 5.2.1.

The effect of the increase in positive core flow with in-
creasing core bypass flow is better seen in Figure 5.2.2, which
compares the core liquid masses for the same three calculations.
The influx of liquid to the core due to reestablishment of posi-
tive flow shows up as a temporary increase in the core liquid
mass in each case; this increase is greater with 7% core bypass
than with 5% bypass.

The different liquid flows through the core in these three
calculations result in different tod heat transfer rates. Figure
5.2.3 compares the (input) core power and the total rod heat
transfer rates with no core bypass, with 5% core bypass and with
7% core bypass. While the core power remains the same in all
three calculations, the rods transfer out progressively more
heat as the core bypass flow is increased. The difference is
particularly visible during the first 15 s of the transient.

The effect of core bypass flow on the rod temperatures is
shown in Figure 5.2.4, which compares rod temperatutes at the
core mid-plane for these three calculations. The clad tempera-
tures are progressively lower for increasing core bypass flow.
There is some difference visible in the blowdown PCT, and a much
greater difference in the reflood PCT. Although none of these
runs showed a core rewet at this elevation during ~5-15 s, the
clad temperatures with the higher core bypass rates are in much
better agreement with the experimental data overall.

5.3 Discharge Coefficients

Our pr eliminary TRAC calculations done for the Al-04R
transient used subcooled and saturated discharge coefficients of
1.0 and 0.85, respectively; these were the values which gave the
best results in the previous RELAPS/ MODI analyses of this and
other LOBI large break tests. All the final TRAC calculations
done also used a subcooled discharge coefficient of 1.0, because
this gave good agreement on the. peak break flows; no sensitivity
studies on the effects of the subcooled discharge coefficient
were done. Ilowever, we found that a saturated discharge co-*

efficient also equal to 1.0 gave better agreement with experi-
mental data on the time of accumulator injection start. (The

* RELAPS/ MOD 1 and TRAC-PFl/ MODI break flow models are similar,
although not identical.)
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Figures 5.3.1 and 5.3.2 compare the vessel-side and pump-2

; side upstream break flows, respectively, using saturated
! discharge coefficients of 0.9 and 1.0 in otherwise identical

,

calculations. (The " truncated" peak vessel-side break flow data
,

| has already been discussed in Section 3.2.) The effect of
! changing the saturated discharge coefficient is hardly visible .

! in the break flows being calculated, although some minor
! differences can be distinguished in the vessel-side flow;
j however, the overall effect is visible when more global system
4 variables are studied.

The int.ict and broken loop cold leg-pressures for these two
,

calculationi are shown in Figure 5.3.3. The lower saturated,

! discharge coefficient of 0.9 results in higher pressures in both
I loops throughout most of the latter part of the transient. The
I lower intact loop pressures obtained using a saturated discharge

coefficient of 1.0 are in better agreement with experimental
i data and thus also give better agreement on the initiation time
J for accumulator injection (23'.8 s vs the measured 24 s; the run
I with the 0.9 discharge coefficient had accumulator injection
j beginning at 25.5 s).

f The discharge coefficient used also affects the inventory
' remaining in the system at any given time, as would be expected.

Figure 5.3.4 compares the vessel liquid masses calculated using i
; saturated discharge coefficients of 0.9 and 1.0. After subcooled i

j blowdown ends and saturated break flow controls the transient,
i the vessel shows a progressively lower inventory for the greater
j discharge coefficient and resulting higher break flow. (The
'

flattening out of the vessel liquid inventory after about 26 s
in the calculation with the saturated discharge coefficient of
1.0 is a result of accumulator injection; the calculation with
the later accumulator injection should show a similar flattening,

] at about 30 s.)

The retention of more liquid in the vessel when using lower
saturated discharge coefficients in turn causes lower clad,

j temperatures, as shown in Figure 5.3.5, which shows the core
j mid-plane rod temperatures for these two calculations. There are
i no differences in the behavior until the partial rewet starting
] at ~5 s, when slightly lower temperatures are calculated using a

saturated discharge coefficient of 0.90; later in the transient,;

j substantially lower clad temperatures are predicted, using this
; lower saturated discharge coefficient.

'

! 5.4 Accumulator Surge Line hesistance +

|
The TRAC nodalization for Al-04R was originally set up witht

! a total user-input accumulator surge line resistance of 4.895, *

>

!

!

!
1 -72-
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the value which gave excellent agreement with data in our>

earlier RELAP5/ MOD 1 analyses of this test [3]; this user-input
resistance was divided equally among the 11 junctions used in

* the surge line modelling in our TRAC input.

Figure 5.4.1 shows the accumulator injection rate calculated
,

using this resistance. The resulting flow rate is generally
.about a third higher than the experimental data (where the

. RELAPS/ MOD 1 results using this line resistance were within ~1-5%
| of the experimental data throughout the transient, with the peak

flow within it). With hindsight, some part of this discrepancy
is likely due to the " hardwired" assumption of a constant high
Fanning friction factor f of 0.03 in the accumulator surge line
model in RELAPS/ MOD 1 [14], which is not explicitly used in TRAC.

The user-input accumulator surge line resistance was then
j progressively increased in several runs, with the results shown

,' in Figure 5.4.2, which compares the accumulator injection rates
from two calculations using user-input' surge line resistances of
13.75 and 24.75 (with.the latter being that used in the base
calculation discussed in Section 3). As expected, the injection
decreases as the resistance is increased.

:

The different injection rates in these various calculations
do not result in any visibly different behavior in density and
temperature at and downstream of the accumulator injection
point. The late-time vessel inventories differ slightly, as do

| the late-time rod temperatutes. Figure 5.4.3 compares the
mid-core rod temperatures calculated using total surge line
resistances of 13.75 and 24.75. The rod temperatures at vessel
heights of 2.8006 and 4.2574 m are very similar for these two
runs but the rod temperature at the core mid-plane (3.529 m) is

i decreasing more quickly for the calculation with the higher
accumulator injection flow rate (i.e., with the lower

,

accumulator surge line resistance).|

The final line resistance of 24.75.thus obtained ad hoc is,

also derivable from the facility data in the test documentation
.

[9]. Based on measured total Ap from the accumulator to the
! intact loop cold leg, a total resistance of 37 is cited.

Assuming the high wall friction generally typical of accumulator
; injection (in fact, f=0.03) and using a surge line length of

10.25 m and diameter of 0.025 m, the wall friction fL/d gives a4

resistance of 12.3, leaving 24.7 to be user-input to represent
'

bends, valves, orifices, turbometers, loop-entrance effects, etc.

If the TRAC results for accumulator injection flow rate vs,

accumulator surge line loss coefficient are correct in this
case, then the RELAPS/ MOD 1 results must be in error; considering
the many known and acknowledged problems in calculating4

.

accumulator injection with RELAPS, this is quite possible.
3
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6.0 USER EXPERIENCE AND CODE ERRORS

In this section, we present the history of this LOBI Al-04R
transient analysis, describing the numerous iterations due to-

user and/or code errors and/or updates leading to the final
"basecase" analysis discussed in Sections 3 and 4. The various

~

code errors discovered and documented in this section have been
reported to the code developers, and either have been or will be
corrected in later code versions.

6.1 Calculation History

After completing a preliminary steady state initialization
using Version 11.1 of TRAC-PFl/MODL, we ran a transient calcu-
lation for almost 70 seconds. The calculated pressures and break
flows were in reasonably good agreement with data, using the
same values for the discharge coefficients as in our earlier
RELAPS/ MODI analyses (i.e., 1.0 for subcooled flow and 0.85 for ,

saturated flow). The calculated peak clad temperature, however,
was significantly higher (by ~40 K) than the measured value; the
core rewet at 5-15 seconds was not calculated (except at the
very top of the core); and the code results showed no signs of a
quench front moving up the core at late times, although the data
shows the middle core quenching from 25 to 55 seconds.

4

After studying these results, we found and corrected some
errors in our LOBI input model. The major impact on the Al-04R
results came from correcting the power shape input to a power
density shape input, which resulted in a. calculated PCT in
excellent agreement with data, within 1 K of;the measured value.
With the early-time core response now in better agreement with
data, we next searched for possible causes of not calculat.ing
the total core rewet at 5-15 seconds; missing this rewet-could
be largely responsible for the lack of a calculated core quench
later in the transient, since without this'rewet the rods in the
calculation are significantly hotter late in the transient

~

compared to data.

At the time, a possible cause of not calculating the
observed total core rewet at 5-15 seconds appeared to be the
prediction of substantial liquid superheat in many of the core
cells during the relevant period. This was found to be due to a
code error, discussed in more detail in Section 6.2: with this
error corrected, no spurious liquid superheat was calculated.
However, the other calculated results were generally unchanged.

i

Because a number of other code errors in Version 11.1 had*
been found and fixed by the time the liquid superheat error'hadt

been corrected, we reran the calculation with Version 11.6, up
to the time accumulator injection begins. Despite the numerous,

code changes, the overall results with 11.6 were very little
different from those calculated with Version 11.1.,

:

I

l
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The first ~20 seconds were then rerun with a modified
version of TRAC-pFL/ MODI Version 11.6 which had the vessel
interface sharpener disabled, because we thought that this
special model might be retaining water in the lower plenum and *

lower core and thus damping the liquid slug passing through t.he
core at'~5-15 s: the results, however, showed no significant

'

differences compared to the behavior previously calculated with
the code as released.

The first ~15 seconds, until accumulator flow initiation,
were later terun with Versions 11.9 and 12.0 of the code in
hopes that some peculiar " bug" we could not find was causing the
poor prediction; again, no significant changes in results were
seen.

Because of some comments made at the Code Assessment Review
Meeting in December 1984 [13], we rechecked the input Yet again
and found that the core bypass flow had accidentally been zeroed
out in all these preliminary runs due to an input error. W i t.h
this corrected, a larger slug of liquid was calculated to go
through the core and the resulting clad temperatures were in
much better agreement with data throughout the latter portion of
the transient, although the PCT calculated was now lower than
that measured (by ~40 K) and a total rewet at ~5-15 s was still
not being calculated in most of the core (as already discussed
in Section 5.2). A few runs were then done with different core
bypass flow rates and accumulator surge line resistances to
study the sensitivity of the results to these patameters.

Also based on comments during a presentation at the December
1984 Code Assessment Review Meeting, the final basecase
calculation was testarted at the time of accumulator injection
with a more finely noded intact loop cold leg to see if
nodalization would affect the calculated plugging of the cold
leg downstream of e ECC injection point (which it did, as
discussed above in Section 5.1).

After the Al-04R transient calculation and analysis were
considered complete, we found a code error in Version 12.0 which
prevented the steam generator feedwater from shutting off as
specified (described in Section 6.3). Although we would not
expect differences in secondary side feedwater to visibly affect
the major behavior in a 200% large break transient, we decided
to rerun the transient with the corrected feedwater flow in the
interest-of completenets. In order to maximize the benefit of
this rerun, we then decided to do the corrected calculation on
the CRAY-IS in order to compare run times for almost identical

,

calculations. (All previous Al-04R calculations had been done on
a CYBER-76.) Some differences in transient results, particularly
in the rod quench at the core mid-plane, were seen; also, the ,

CRAY calculation did not run as much faster than the CYBER
equivalent as expected, as discussed in Section 4.3.

-90-
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Although we felt that this unexpected behavior could not
possibly be due to the only known difference between the two
calculations (i.e., the FILL flow coding fix), the Al-04R
transient was rerun one last time on the CYBER with the same-

corrected code. Thus, the same input deck was being run with the
same code version and the same code correction updates on both

- the CYBER and CRAY computers. The differences in transient
results were still observed. These results have been reported to
the code developers at LANL.

6.2 " Liquid Superheat" Code Error

As mentioned above, one possible cause of not calculating
the observed total core rewet at 5-15 seconds with Version 11.1
appeared to be the prediction of substantial (~10 K) and sus-
tained (~10 s) liquid superheat in much of the liquid clug
entering the core from the lower plenum during the relevant
period. This liquid superheat was seen in the three levels below
the core mid-plane (i.e., vessel levels 4, 5 and 6).

Figure 6.2.1 shows the void fractions in each of the inner
four core cells in level 5 from one of our preliminary runs. The
low void fraction during the ~5-15 second time period in the
inner two cells indicates a substantial amount of liquid is
present. During the same time period, the liquid temperature in
these cells remains nearly constant, as shown in Figure 6.2.2.
As the system continues to blow down and the saturation tempera-
ture continues to drop (also shown in Figure 6.2.2), the liquid
in these cells becomes progressivsly more superheated, until it
eventually flashes into vapor.

Although some liquid superheat before flashing is possible,
we would expect only fractions of a degree superheating for a
much shorter time. The liquid retained an obviously unphysical
degree of superheat in this calculation because the liquid-to
interface heat transfer term ALV was identically zero during
this period, as indicated in Figure 6.2.3. Thus, although the
vapor-to-interface term CHTI was nonzero (Figure 6.2.4), the
excess heat could not leave the liquid and was retained until
the conditions changed sufficiently to activate a different flow
regime of the interfacial heat transfer logic.

After a number of discussions with the code developers at
LANL (in particular, John Mahaffy), a coding error in the 3-D
constitutive package was identified: with this error corrected
in the Version 11.6 correction updates, no spurious liquid

*
superheat is calculated. However, as mentioned earlier, the
other calculated results were generally unchanged.

.
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6.3 "P i t,t Ta b l e " Code Error

After a number of transient calculations had been run, a
code error was discovered (actually, first by studying t.he ,

calculated results f o r t.0111 intermediate break tent Il - R 1 M , also
being analyzed for thin annonsment program) which teriulted in
the feodwater being only partially nhut. off after transient -

start. Thin code error involved t. h e "C low vn t ime-nince- tr ip"
logic in a F11,1, component in Version 12.0 of pFL/MODl and in
previous code vernions.

Mont. of out input decks une a linear rate. factor table
multiplying the Fl!.t. trip net-ntatun ( n o t. to I when the trip in
on) to calculate " time nince trip" as the it. dependent variable
for tabular lookups, an documented in the input manual. The code
error in the F I t.L logic cauned that multiplication to be
omitted, no that the tabular lookup always returned the
dependent variable correnponding to an independent variable
value of L. The resulting (low rate would thus be equal to the.
flow rate specifled at I second atter trip, generally not yet
zero because more typical ramp timeu for steam generator
feedwater chutofI would be S to 25 neconda.

Ilocause thin coding error wan located within the Fil,1, logic,
the name input formulation worked correctly in other co mpo ne n t.n
(i.e., tor ptJMp npoed ramps. VMSGRI, core power tables, VAI.VM
motionn and ilRMAK prennure boundary conditionn). Thun, the only
change this made in the Al-04R calculation wan in shutting ofC
the secondary nide feedwater to both steam generatorn. The error
caused nubstantial feedwater i n j ec t. io n (at. a b o u t. half the steady
state value) throughout the trannient, renulting in higher
liquid inventorien and more liquid nubcooling on the secondary
niden. Thin wan not expected to significantly affect the primary
nido trannient response in a large-break I.OCA: in fact, correc-
tion of the error produced no visible ditforencen in the primary
side behavior at or near the nteam generatorn. (The secondary
nide renponne did change, an expected.)

This error was reported to the code developern at I. A NI,

together with the fix we had developed, and han nince been-
corrected in later code vernions.

6.4 "CRAY plot" Code Error

While most. of the calculated renponne (e.g., primary system
injection) was virtually unchangedprensuren, accumulato-t

between-the CYllMR and CHAY calculationn, como unexpected areas
of difforence were noted. One of thone involved neveral of the -

mann flow rates compared and in due to an error in the packed
graphien output Iile produced by the CRAY code version.

.
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Figure 6.4.1 shows the vessel-side break mass flow f rom t.he
CRAY run. The intermittent-flow interruptions are obviously
unphysical, and are not seen in the CYBER results given in
Figure 3.2.2a. Such flow interruptions were also seen in other.

mass flow plots from the CRAY run (e.g., for the pressurizer
outflow). Besides being obviously unphysical, they can be seen
to be only'an artifact of the graphics in Figure 6.4.2, which'-

shows the (same) mass flow rates at the common junction between
the two components upstteam of the vessel-side break from this
CRAY run. Depending on which component the mass flow rate plot
request is referenced to, the mass flow is either smoot.h as
expected, or intermittent.

This problem also affects the liquid and vapor velocities
plotted at this common ~ junction in the CRAY tun, while the
densities in the adjacent cells are well-behaved. The same
intermittent flow behavior has been seen in CRAY calculations at

.

LANL [15), where it has since been confirmed to be only a
graphics problem and has been corrected. Subroutine PACKIT was
sometimes packing negative numbers onto the graphics output file
incorrectly.

i
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7.0 SUMMARY AND CONCLUSIONS

The LOBI Al-04R results presented in this report show that
TRAC-PF1/ MODI correctly predicts the major phenomena occurring,

during a large break accident. Subcooled and saturated discharge
coefficients both equal to 1.0 give good agreement with data for
break flows and primary system depressurization. Accumulator.

flow is calculated to begin within 1 s of the observed time; the
predicted accumulator injection is generally within ~5% of the
measured value, although there are some small qualitative
differences in the injection curves. Both the peak clad tempera-
ture and the overall heater rod temperatures are in acceptable
agreement with data: again, there are some qualitative differ-
ences, with the data showing a total core rewet at ~5-15 seconds
and the calculation showing a later and only partial rewet.;

t

i Most of the key parameters for a large break LOCA were well
predicted, as shown in Table 7.1. In these tests, the agreement
for the time at which PCT occurs is not very significant, since
it occurs when the power is first ramped down from 1001, which
is an input number. The calculated PCT of 788 K is in reasonably
good agreement with the experimental value of 823 K, represent-
ing a 15% lower heatup relative to saturation and a 4% differ-
ence in absolute value. This discrepancy in PCT may be due
primarily to the approximation of the actual staggered hollow-
tod geometry required in the TRAC input. To ensure the correct
initial stored energy in each power region in our model, we
matched the power input to each section and the total mass in
each section, using the rod average thickness and adjusting the
heights of the various core levels. However, the actual hollow
cod thickness in the high-powered middle section of the core
heated length where PCT occurs is smaller than the~ average
thickness in that region, used in the input, which would
increase the characteristic conduction time in the calculation
and thus slow the rod heatup. (There is no way to match all the
staggered hollow-rod geometry within the current TRAC input

! limitations.)

When the Al-04R basecase transient was run on both the
CYBER-76 and CRAY-1S computers at Sandia (to compare transient
results and run times on the two machines for identical calcu-

: lations),.some discrepancies were seen in the core heater rod
!

temperatures, most readily visible in the middle region of the
core. The variations in rod temperatures between the CYBER and
CRAY calculations are qualitatively and quantitatively similar
to the variations seen between the CYBER basecase run and pre-
ceding CYBER runs. Neither of the calculations gives-results
which are obviously unphysical, or obviously more correct.-

However, the differences are worrisome because they suggest that
the rod temperatures (particularly, the rod rewet and quench

*

response at the core hot spot) are very sensitive to small

-101-
|
|

_ . . . _ _ _ . . , . _ , _ - . _,._m _ . . _ . , ,- ._...,__r _ . .. -. _ , - , _ . , . _ . _ _ . _ . , , _ , , _ _ . . _ , _ . ,



=. __.

differences in the vessel flow distribution, which may be
affected by small differences in the time step history. This in
turn implies that the rod temperature response may prove equally .

or more sensitive to the radial and azimuthal flow area frac-
tions used, which are generally only " guessed-at" values.

.

These TRAC-PFl/ MOD 1 results are generally comparable to our
previous RELAPS/ MODI results for this same LOBI test. The key
parameters from that RELAPS analysis are given in Table 7.1 for
comparison. Very similar break flow and primary pressure
behavior were calculated, but for a saturated discharge co-
efficient in RELAPS of 0.85 rather than 1.0 as in TRAC. The PCT
predicted by RELAPS/ MODI (820 K) is in much better agreement
with data than the current TRAC result, and lies within the
experimental uncertainty of 13 K. probably because the staggered
hollow-rod geometry could be modelled explicitly in the RELAPS
input. RELAPS predicted a larger core rewet at 5-15 s than that
measured while TRAC gave a smaller partial core rewet in the
same time period. The rod temperatures predicted subsequently by
TRAC are in better agreement with data than those from
RELAPS/ MOD 1 (which does not have a moving-fine-mesh reflood
model): RELAPS generally predicted more uniform cooldown
throughout the entire core rather than a quench front pro-
grossing up the core as actually observed. The two codes
calculated-similar accumulator injection, but very different
user-input surge line loss coefficients were required (with the
TRAC results considered to be more correct).

Sensitivity studies were done on a number of input modelling
assumptions and values. The cold leg noding detail affected the
calculation of a liquid plug after accumulator injection begins,
with a finer nodalization being required to calculate the forma-
tion of a liquid plug in the cold leg downstream of the injec-
tion point, as observed in the data. Varying the core bypass

. flow by a few percent changed the magnitude and timing of the
'

reestablished positive core flow occurring at ~10 seconds,
affecting the rod temperatures and the early-time core rewet

. behavior in particular; there are no direct measurements of the
'

magnitude of this bypass tiow, only estimates. The overall

'

system depressurization rate, and thus the onset time of accumu-
;.

lator injection, is controlled by the saturated break flow
discharge coefficient used; siLilarly, the rate of accumulator
injection is controlled by the accumulator surge line resistance
used, as would be expected.

i

In the course of this analysis, several coding errors were
discovered. One resulted in the calculation of substantial -

liquid superheat (~10 K) for long periods of time (~10 s) in the

.
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core. This error zeroed out the interfacial area for liquid heat
transfer under certain flow conditions and did not allow any
heat transfer to the vapor-liquid interface, which would
normally remove any excess liquid energy. Correcting the error
did not, however, significantly change any of the global*

behavior calculated. Another error was identified in the
time-since-trip logic for tabular lookups in a FILL component,

'

which resulted in.only partial shutoff of the secondary side
feedwater during this transient; the behavior of interest in a
large-break LOCA, however, is in the primary system response and
is largely independent of any secondary system behavior. An
error was found in the CRAY version of the code, which resulted
in some odd-looking mass flow rate plots; the error was only in
the way the data was written to the graphics file, not in the
values actually calculated by TRAC.

We did not identify any obvious model deficiencies which
could affect reactor plant analyses. The necessity of approxi-
mating the LOBI staggered hollow-rod geometry and its possible
impact on PCT are not expected to occur elsewhere. The extreme
sensitivity of individual rod temperatures (in particular, the
rewet and quench behavior around the hot spot.) to minor differ-
ences in the overall calculation suggest that small differences
in the calculated flow pattern could have a large effect on rod
temperatures. This in turn indicates that the local rod tempera-
tures might also be very sensitive to the radial and azimuthal
flow areas assumed. These values are not usually known and both
user guidelines from the developers and sensitivity studies on
these parameters would help in future analyses.

,

e

|
'
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l Global (Blowdown) PCT (K) 823 788 820

|

| Time for Global, PCT (s) 3 3 3

Time for CHF at Hot Spot (s) 1 1 1

( Time for Accumulator Start (s) 24 24 24

Time for Hot Spot Quench (s) 60 60-90* ~80
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II APPENDIX I

| LOBI FACILITY
,.

The Loop Blowdown Investigations (LOBI) test facility (shown-

in Figure AI.1) is located at Ispra, Italy, and sup' ported by.the
EURATOM Joint Research Centre [3]. The facility was designed to

"
supply experimental data on simulated light water reactor pri-

i mary coolar.t system response during the initial high preuunte
i blowdown portion of a LOCA. It is an approximately 1:700 scale j

model of a four-loop 1300 MWe pressurized water reactor (PWR),
censisting of two primary coolant loops connected to the reactor

)
pressure vessel model..While both experimental loops are active-

,

loops containing a circulation pump and a steam generator, one+-

(the intact loop) has three times the water volume and mass flow
of the other (the single or broken loop). The test facility is

i designed for 16 MPa and 600 K operation pressure and tempera-
| ture, respectively. Tube ruptures of various sizes, ranging from
| double-ended large breaks to single-ended small leaks, may be
! simulated at three different positions in the single or broken
| loop (hot leg, cold leg or pump suction leg). Other possible
1 break locations are in the vessel lower plenum and in.the steam
{ generator U-tubes. Heat is removed through the steam generators

from the primary loops by an active secondary cooling circuit,
~

shown-in Figure AI.2, containing two condensers and a cooler
(simulating the heat sink represented by the turbines.and con-
densers in the real plant).and a feedwater circulation pump. The.

nominal operating conditions of the secondary side are.5.5 MPa#

and 543 K pressure and temperature, respectively, but may be
extended to about 8.0-MPa and the corresponding saturation
temperature.

For the layout of the LOBI test facility, a scaling fact.ot !
'of 712 has been applied to the thermal power, coolant mass flow'

| and coolant volume of the primary cooling system of the refer-
( ence plant. This results in 5.3 MWe heating power supplied to a

64 (8x8) heater rod bundle of 1:1 PWR design, 21 kg/s and 7 kg/s
coolant mass flow for.the intact and broken loops, respectively

i (resulting in 28 kg/s core mass flow), and 0.82 m3 coolant
I volume within the primary loop system (the pressurizer

~

included); this last value holds for a not-scaled 50 mm down-,

comer gap width. The design of the experimental primary loops
and the individual components was chosen to maintain the power-
to-volume ratio, the volume ratios of the various components and
piping sections to each other, the break size-to-primary coolant'. ,

system volume ratio, and the single-phase steady state pressure
*

.,

drops and temperature distributions as close as possible to the*

values in the reference plant. (With respect to the piping in
each loop, these criteria led to a reduced length and a rela--

,

tively too large diameter. Thus the steady state single phane

l
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|', coolant velocity and mass flux are reduced by about a factor of
2 when compared to the reference plant, since the mass flows are,

j scaled but_the flow areas are not.) The heights and elevations
1 of components are scaled 1:1, preserving gravitational heads-

~

! the heat transfer surfaces in the core rod. bundle and steam |
generators areifull length.,

.

I The reactor model (shown in Figure AI.3) consists of the
pressure vessel, the core barrel tube and the 64 heater rod
bundle, simulating the internal annular downcomer, the core, and

i the lower and upper plena. With the present core barrel tube of
7 mm wall thickness, the downcomer gap-width is 50 mm and is
out-of-scale with respect to both the volume and the pressure

| drop-of the downcomer. The average channel' fuel rods with '

i average linear power of 20.6 kW/m are simulated full-scale with
j respect to outer diameter (10.75 mm) and heated length (3.9 m)

by. electrically heated hollow tubes. As indicated in Figure'

AI.4, a stepwise varying wall thickness yields a chopped cosine
axial power distribution. Each heater rod tube is supplied with
three sheathed thermocouples' embedded in the outer surface at
different locations, leading to a total of 188 surface tempera-
ture measurements at 12 different elevations within the heated
length, as shown in Figure AI.S. As in the reactor vessel of'the

j reference plant, grid spacers are equidistantly placed over the
heated length; five additional spacers are arranged'in the upper>

unheated part of the rod bundle.

The two U-tube generators, shown in Figures AI.6 and A1.7,
are different in. volume (3:1) and number of U-tubes (18 and 6)
for the intact and broken loops, but equal in height- Their,

,

design is geometrically similar to that of the reference plant+

steam gene.cator, with an annular downcomer for the secondary
water. The primary and secondary water volumes are only globally
scaled (the total ratio is maintained).4

The main coolant pumps for the two loops are equal in siz~e '

and type. They are operated at different speeds in order to4

obtain the two different steady-state mass flows of 21 kg/u and'

7 kg/s for the' intact and broken loops, respectively, at similar
; pressure heads. The geometrical configuration of the main

coolant piping (shown in Figures AI.8 and AI.9) is similar to
that in the ref'erence plant; the pipe inner diameters are 73.7
and 46.1 mm for the intact and broken-loops, respectively. The
pressurizer (Figure AI.10) is scaled down.in both the' steam and
the water volumes,'while the height and elevation are full _
scale. A 20 kW heat source.is installed to generate the system
pressure: five cooling tubes placed in the vapor region form a
heat sink to regulate the system pressure. The surge lino can *

connect the pressurizer to either the intact or the broken loop,

| hot leg.
I

\
'

|:

| -108-

!
,

.- ,.~.v-.r, -.r~,,y----- nm y,, -,,n~m,, , c v -- ,-



. . _, . - . . . -. . - _ . - - - - .

'
Special rupture devices for simulating single- and double-

ended pipe breaks are installed in the broken loop, as shown in
Figure AI.9 for a cold leg break. Breaks are simulated by quick-
opening (~20 ms) flap valves which are mounted at the straight,

pipe outlets of the rupture devices. These devices are situated
within a concrete bunker, which is vented to the atmosphere

- through two open steel pipes of 400 mm ID. The flap valves are
connected'to break nozzles, shown in Figure AI.11. When the flap
valves are opened, the normal flow path is sealed off by cloning
a slow-moving (~1 s) ARGUS valve, also shown in Figure AI.9.

Two accumulators, one for each loop, are installed for ECC
water injection, the accumulator for the intact loop having
three times the volume and capacity of that for the broken loop.
While their. total volume is scaled down from.that of the refer-
ence plant accumulators, their height and~ elevation are full-;

scale. ECC injection is started automatically by differential
pressure controlled quick-opening ball valved as soon as the
systnm pressure has dropped below the accumulator driving gas,

pressure. Injection lines connect each accumulator to both hot
and cold leg piping of its loop, allowing hot leg, cold leg or
combined hot and cold leg injection as desired for_a particular
test. The accumulator surge-line geometry [or the. test we
analyzed is shown in Figure AI.12.

:

,

e

O

O

!

-109-

_ __ . _ . _ ~-_ . . _ _ _ _ _ - - - _ - - - _ _ . . _ . _ . . - - - - __. _ _ _ . . . _ . _ . - - - . , _ - , , _ . . . _ . . . . . _ . _ , _ .



e

I +12m
OutletOuttet :: -

5
..condary ,-g

Secondary 4Se-

. - . w .

inlet g- . tim

| ~.

G6T
-

- ,,e -
Genee sto, Accumulator

, E tsp p :p,

Pis

_

5 team gene ie.

Tank

=*7m .

7
" t. (

I * .J 8

|' ' ' # #
Pressurger

g

| 4@ |p .

| eeg'-
J[ % %.., ,u ,1 s t

i

H,; i.

d *2m | |

@_ !J
-

I INTACT LOOP l I.im 8ROKEN LOOP

Pu w, , ( ,j .g, Pump8

I
i- ,

g' * 3; v' :6i
. l|| *

Ilt 4, <

Reactos pressure
[

- 2m |!*veuw mesei' '

v w 3g.

-

7m . . <-

V-\
'

| I
. ,

1

*

Figure AI.1 LOBI Test Facility
|

-110-

, - - ._ --
. _ _ . _ -_



2
C
H

E E g c- 7,<wwz O ,
*. H sw G

U10 g d 2*

.
*1 444 I I I I |||1 a
m - - -

'* e-O - , ,,, n

h
| | t : | t t t i

.- - e- .
_

4 e a

e h| -
.w%

g]
_ _ _ .__

-
w
J ,

,

s
. . .-

,

H
U3

.i W Eg 2 > oy w w W
,

a oi

a & g*', 1 s
3 %2 E 4 g

f a.
h $ .g [y mw

Q {,
'

O d ! . 5x
c- c.- o e

55 3 o" ~ - aw ,4 m o. _ . - --

i ~N-, I
| %% : >+*ME -M,.!..Q'

-N9 d d'L N. $9

itf A T- _ _c - _w ;
- 7%. -

M _ .t. o o"
,
~~

$; oE
m m

= . <= z

o n

d - 41 o x ! oo e,e 1 i ss
-

, ;'= _ .--
-

1"I 4441 1 4 1 11444"

.. . _ _
_. ,

| M

st TTTT T T T TTTTT
8"5 '

i
e

E g< z e-w<ww. g5;a
wzoo z,

WWCO m*}
V3 C 22 4 W3.

Y1 5~ c; .
EE8

-111-

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



-
lvNm :ti "

1 o j| '|.
$Sg aE "

MOW nn g Us i.

mn "8 Q O ,
Iif P

4 ' ,g , , d, f "

P
3

W
- @ . :

\ Ec 2e o RD
O -4

F n , h,(;''N|[
=

HN E =
-: Ei C S5g O S5

f ACu EU !M

*!O ,,.r a
,, E #' ! .

Eg DL GE
e : A e.

.

P-' k,,_ }
|L t A M| !!IJ' I ~

.,

A .
':

,-||L
.

; . ) *

. *
I

j n
'

I i

_ _1.

l ,L| i4 l i :} ,

_- 0- -3

7_
~ ' j iC, . ;

7
' !oE

; J_L W|k' |dk3
> ..

-

.

s >eI I it2R ,

fne
C . i, Ia .

Y
t

C CDc . d,h-

E O E
- t

a A A !.o1 a E T -r E I1 v
4P d. 2g2 i B

- P C
s.k A I : A

A A ,9r

-D, Y'gE
e + ~q , t "gA C 5 6

D "4s t_L --
' -
's

,Egu ' r

'(f ' e
o

l i
(b

r de '
*b

.'V
, 3

%g--f
S "u' ne S '

' \ \ 'des e / \ c e'r
s c 'ce t

t
l in oi -7eTo|

r

k ,
,

ot - n 5n
yo ; can * )s jpce s ) T[ tn

B *

yj\ '
rA , -

- \\' '
'

cBA
ke -- . a

r

r ,

g
/,g)

6

* ~o
m'

,c'
c s

?

e . . ,



__ __ _ _.

. . . .

Upper Nickel"Hea gd" Length 201 Section
r

Lower Nickel Material 1.4948
201 Section "

N'V//fMMM4"MM '" N
'%|/'

Nickel / 1 o
,

'
, ''

h' Braid ""
| 16rmt

N m
m m m m m nm n a

i y o o
') d' oo n ' m m,

Qs
'

sc e 3. 3 3 . -. ,

? _. 2 . . . __ __ _ _r

s330200 412 - 663 1750 663 412 2460
e- : =- = = = = = : : = = =

,

/

Bottom of
, Top of Lower Upper Closure
| Support Plate Plate

' - -

: 1 e r : : : r : 1 = +
=

) ( 4.7 QS 6,5 14.0 45.1 14.2 6.6 8.4

| 0
5.28 MW and Normal conditionsl in % for Q =

tot

Figure AI.4 Heater Rod (Section and Power Distribution)

|
|



# s|
power cennecting flenge ,6360 +*' /,

,

'

/ '/'nozzle centre line level ,6045 -

_ - f / /<- - -- .

#/
+'~ $ -

la u l j,

[ond "hected tength" ,3900 '----

3700
, 3 8 6 0 f-----,,

- ,3490 l o 8:I/' .- - -

^seenp

d,s- s 'E-''
=.=== 3200 n-

y.. 5,-
_

-,'
- , -

s , ; .- -y.- 1 '
,3420

-
_ -----

--

.l o sa! /
-

' . . .--) -
"'.L' ,2825

' ' "=^- ~~~-

,./-
<m --

'

M'' ,2700Tw..s. . ' , '

e.~

2[_ 3% ''n / f f:
- -- .

'II00 f' 'w' m''3.

=_ =' ~7" __r
,

,w g,s,; - -

+h '- -'%5h I_
, _ - _

-

1700 F 4- 4

- - -
f?nf,h/ ',1 ~ W--- -
..

1200pg 7) ,

> 1075 4.+;V-Y
r , @h ^ [ WV [ix/__ W ' ' ^_y<---- -

700 I 8:' /'
;'' , 480 ,_ _, ,

'
_

---

,_ q
'

'

,

g " ._ ",- --Qr-- m-- 2 412 - - - 7, i, -

,
- ' '

200 t o s21 ,', 40
"- ''

, ,

'/f0begin "hected length " , ----

power connecticn brcids , -200,

# heater rod TC in use

TC - orientation in the rods at each level-

.

@ TC - Location level in the bundle (lost number in TH-identifier)
.

l o s21 relative hecter power q / q. mex +

j --- bundle spacer grids

Figure AI.'5 Location of Ileater Rod Thermocouples

-114

l
. _ . _



-- -- -

..,

..m.., . .,

8 i im

W///HH/ ! %.

|'<

r- , , ,

AA / ) , wn e,
' / ,

/ *
,

', 123
-

,
-

,

p, ;- 1.s

At : ;
-

r
i:.a . _ _, _

li sec$on A. AY '
11c

iain wetar | r s. 3 <; a

|;;;| |ggamonsary , - , <
i... - -

j $-
// M ew \\\ H ,

@
' ' "

|
',

< '/ n- _-- -

.vg e--

b'.- [f
~~

,8 GL
,

21 9.1
_

|!
' '' '

, ,
'

a git t 1 i a

e m'.,,
,, ,

X~
' . .

_ h 4_ ;c -
,

' enz - -
,

Crea mean|
',, ,

, ,

[ '7I' ;
- - -

, ,
,

g /
i .

3 / ////, k 6 1 $
% w J.

. "
4

t _ . , -

6 W }} Y. ff
.

.s

-

_ _ .,Y) 6212 y r1 b

:n J ._; .'.ua .
,

e .-

g ; .
._ ,

| !
' '

i
a

,

i mi -i , ,

,_ _ _ _

d,. .

s . se'e _.

't 210
.

.

Figure AI.6 Intact Loop Steam Generator

1

-115-
,

|

|
|
|

. - . . . - - _ - . _ - - .- -- -. . . . . . . - . - _ _ _ , - _ _ - . . - . - - _ _ _ _ _ . .



* e48J
_.

c 7H//H4 i 7) . y ~'
' '

. - ; - -,, .
h 'y'A # ''

A 1::- ~ - - -

100 . .

T. -

''o, s

&~ ,
- ~9 l - 4''

D r] 'l !E
_ ___|_ -

.

me== i, i , ,

= *a8*'Y'*** r (e | 1 322 % *
' / Secton A. A- *

g
bt' " #

i. e 4C8 4

'

E <;9h !
,1 | lf f | \\)) '

^

/g -

-

3 i

4,- / --4
-

,

a, ,
,

i . e 117 J \'

f

__| E i, m
}b) ) i ,?311|
I itra '

[ Cron sectien
|

, .

,- - _A I E

| : *
.

,;, , - ,

-

a.',Q 4, i.t - [a ~ c,;
m' ) W // '--

,

'

. _. .

Y ff I
. i tu ,

# '1
,

~\
-

'
g}J ggi

' '

d8I |
e'.

i ,. ,

. _,. _ , _ . _ , _

'

:
''-

. . . in'

a A P ! |1 e
/<

s i

g9| *|

220

.

Figure AI.7 Broken Loop Steam Generator

n

-116-



e

dSG sere

Oo W.e

/~ Il
3F

F e.ese

Ih

' 1 8 i
~

I'

,

e.

-

O: ; | sn et .

t

I

Intett Lamp,RPVM Outtet. 30 g.g,g il I-

@
3

@-

,

x .,

p ,

..,;....::
leteet Leap,5G Chattet-McP gni,,

4% # -no-n-_rmuyw m,
~ . %

C
la

1 )
-.P.
R

-s gag= g.
,..

latect Laep,MCP Outlet = RPYM Inlet

Figure AI.8 Intact Loop Piping -- (a) llot Leg,
(b) Pump Suction Leg, and (c) Cold Leg

,

-117-

|

- . _ . _ _ w ,__ _
w -



l

I

1

,

.

e

n @@ -@ @~~
benea Lae .SG Ostiet.
=c e i i.

I 3o

: :. ,

I b f
IM '

*Qg
WP y

e -'-

, 9
' I *

m m t.o.,nevu o.i.i.so wei

0' hQ
u .,

*~

% .)

'-- %%
/w ,4-. ~ . ,

*pm,,,aN'** m

h %,h
w* %

w,._. < m m_

@@h@ h -==

weea t . uce a,e i.e . e r v w .i. -

'Figuro AI.9 13roken Loop Piping -- (a) Ilo t Leg,
(b) Pump Suction Leg, and (c) Cold Leg
with Ilreak Assembly (33 is ARGUS Valve)

,

i

1
i

e

-Il8-

,

. - _ _ - ,y --- - - - - , - - _ _ - . - . - _



m. - ,.

|
l

N
'

G ldJ
8 R

I

!
-

TA /
, .

_ _ y
/ 3 '

/
/ '

< etu s /
,/ ~||

* t60 /-

|
/ f

, . _
#

LL-~
j Scoolirg tubes

--
- -

i, ,

I I '.

.

-% ,

-

: o ./c
1, 9 68
| g

'

3 68
2 *e 12

$ _ 150

.a *
, o

.
* / ; .-

|
_ |'

*

-- .

I'Qwid level ? ,. . .

- = = ===i: ,,
p _%

- .
(

, . -P
-,

ttD ,

e
'

p_ -

=
-

' 8 heefe' M t.,
, , ,

total power--== - --

f $1|t rman 20 aw
,

- ,_ _ _ _ -

*2.LL-

. ~
* *s d,,
/ C / *

'|/) I '7 'f *
/, ,,.

/s /|_ e 111
' * ** /

:::
*

.
*

/
, o*

. \ r
'

.* .- ,
~ | | /,F

,, \

.;.'.' g. x s;4'
'x-

,

J -['' N [ N ' \ \s N\\ss
.s s . . .

"

. ,

Figure AI.10 Pressurizer

-119-

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



_

.

6.5
-- -. .

*- 3 0 m m -*
I
,

46 mm

u

I

130 mm

i

j 's

s u

~ 4 4 m m ---*

* 4 6.1 mm -*

.

Figure AI.11 Dreak Nozzle Geometry
e

-120-

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



!
,

i

l

%
Acanutator l'a*rt=o ,g-

'.1. .
.

ch T&&*

#g ,,ct(f g
n v.,,,-

<

-; f,8
-

49s

%
9|

%rtome,er

$4 $,
$**

9'

'N

3#
a

Ad artes 90* .,,,. %,'"** i s,

3
$5 | e

*

I .E
$ $ kWt taoo,

= ;
,

!
' 4

o I ,

'
I ><-'

b, \ g,' -

M d3~
f X .,

-sryco4 tog
, y

4''O stat

cou! W

.,,,,t,~ f
1,

cw

O
*

s.

~. Figuro AI.12 Intact Loop Accumulator Surge Lino

~121/I22-

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



a

APPENDIX II
,

INPUT LISTING

An input listing for the transient is given on attached
microfiche.
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