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ABSTRACT

A computer analys is of a Semiscale Mod-1 Loss-of-Coolant Experiment (LOCE) was
performed using ths TRAC-P1A computer program. The main purpose o f t h i s
ana lys is was to con t r i bu te data f o r the assessment of the a b i l i t y o f TRAC-P1A
to p red ic t blowdown, r e f i l l , and re f l ood phenomena dur ing a postu la ted
Loss-of-Coolant Accident (LOCA). A TRAC-P1A Semiscale Mod-1 system model was
created and TRAC-P1A was used to ob ta in i n i t i a l cond i t ions f o r Semiscale Mod-1
LOCE S-04-6. A f te r t h i s i n i t i a l i z a t i o n , TRAC-P1A was used to simulate the
f i r s t 60 seconds o f t h i s experiment. The r e s u l t s o f t h i s s imu la t ion are
presented and discussed.

1 . INTRODUCTION

A computer analys is of a Semiscale Mod-1 Loss-of-Coolant Experiment (LOCE) was
performed using the TRAC-MA computer program.' The main purpose of t h i s
analys is was to con t r i bu te data f o r the assessment of the a b i l i t y of TRAC-P1A
to p red ic t blowdown, r e f i l l , and re f l ood phenomena dur ing a postu la ted
Loss-of-Coolant Accident (LOCA). A second purpose of t h i s analys is was to
formulate a set o f modeling techniques f o r app l i ca t i on of TRAC-P1A to further-
analyses of Semiscale Mod-1 experiments.

The Transient Reactor Analys is Code (TRAC) i s an advanced best est imate
systems computer program designed fo r the analys is of pos tu la ted accidents i n
l i g h t water r eac to r s . TRAC-PTA is an improved vers ion of TRAC-P1, the f i r s t
p u b l i c a l l y released vers ion of TRAC which was designed p r i m a r i l y fo r the
analys is o f large break LOCAs in pressur ized water r eac to rs . The main
features of TRAC are a three-dimensional representa t ion of the reactor
pressure vessel w i th t w o - f l u i d nonequ i l ib r ium f l u i d dynamic models and a
one-dimensional representa t ion of p ip ing and other components w i th two-phase
nonequ i l ib r ium f l u i d dynamic models. Other features include a f low-regime
dependent c o n s t i t u t i v e equation package, comprehensive heat t rans fe r
c a p a b i l i t y , a cons is ten t analys is o f e n t i r e accident sequences, and component
and func t i ona l modu la r i t y .

The s imula t ion o f the f i r s t 50 seconds of LOCE S-04-6 was used to evaluate the
a b i l i t y o f TRAC-P1A .to p red i c t blowdown, r e f i l l , and re f l ood phenomena dur ing
Semiscale Mod-1, experiments. This s imulat ion is discussed in Section 2. In
t h i s sect ion short descr ip t ions o f the Semiscale Mod-1 experimental apparatus
and LOCE S-04-6 are g iven. A desc r ip t i on o f the TRAC-P1A Semiscale Mod-1
system model used in t h i s s imu la t ion is found in Sect ion 2 . 1 . In Sect ion 2.2
some operat iona l in format ion about t h i s s imula t ion is found.
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A presentation and discussion of the results of this simulation are given in
Section 3. Included in th is presentation are plots showing rod cladding
temperatures, pressures, mass and volumetric f lows, and densities as
calculated by TRAC-P1A and as measured during LOCE S-04-6.

The conclusions obtained from this computer analysis of Semiscale Mod-1
LOCE S-04-6 and some recommendations based on these conclusions are given in
Section 4.

2. THE SIMULATION OF SEMISCALE MOD-1 LOCE S-04-6

The simulation of the f i r s t 60 seconds of Semiscale Mod-1 LOCE S-04-6 was used
to evaluate the a b i l i t y of TRAC-P1A to predict blowdown, r e f i l l , and reflood
phenomena during Semiscale Mod-1 experiments. A description of the TRAC-P1A
Semiscale Mcd-1 system model used in this simulation is found in Section 2 . 1 .
In Section 2.2 some operational information about this simulation is given.

The Semiscale Mod-1 system^ is a small scale model of a four-loop
pressurized water reactor (PWR). I t consists of a pressure vessel with
simulated reactor internals (downcomer, lower plenum, core region, and upper
plenum); an intact loop with a pressurizer, steam generator, active pump, and
associated piping; a broken loop with a simulated steam generator, simulated
pump, associated piping, and break assemblies; a pressure suppression system
with a header and suppression tank; and a coolant in ject ion system with high
and low pressure injector pumps and accumulators. The core region contains 40
e lec t r i ca l l y heated rods. The heated length of each of these rods is 1.68 m
with ten power steps providing a s l igh t l y bottom-skewed axial power p ro f i l e .
A radial power peaking factor can be applied to the center four rods.

Semiscale Mod-1 LOCE S-04-6 was the sixth experiment in the baseline emergency
core cooling (ECC) test series which was designed to study the integral
blowdown-reflood response of the Semiscale Mod-1 system with an e lec t r i ca l l y
heated core.-* I t simulated a complete double-ended offset shear break in a
cold leg of a PWR with ECC inject ion into the intact and broken loop cold
legs. Three of the four center rods and 33 of the remaining 36 rods were
powered. The remaining, unpowered rods simulated control rods within the
reactor core. The f l u i d conditions prior to blowdown i n i t i a t i o n were those
conditions obtained by maintaining a volumetric flow through the core and
intact loop of 8.895 x 10"3 m3/s at a system pressure of 1.5528 x 10'
N/m^ with a core power of 1.44 MW. After blowdown i n i t i a t i o n the e lect r ica l
power in the powered rods was programmed in such a manner that the thermal
response of each rod simulated the thermal response of a nuclear rod.

2,1 TRAC-P1A Semiscale Mod-1 System Model

The TRAC-P1A Semiscale Mod-1 system model used for this simulation of
LOCE S-04-6 was formulated after an extensive study of the Semiscale Mod-1
system. The choices made in selecting components and options in this model
were based on an attempt to accurately represent the Semiscale Mod-1 system



with TRAC-PlA's capabi l i t ies as ascertained from Reference 1 and user
experience at the Idaho National Engineering Laboratory. The main features of
this model are:

1. The vessel contains 18 axial levels with each axial level containing
two radial segments and two azimuthal segments. This nodalization has
72 cel ls in the vessel. The lower plenum is represented by two of these axial
levels, and the upper plenum is represented by one of these axial levels.

2. The active heated rods are represented ax ia l ly with 10 of the 18
vessel axial levels. Each rod level corresponds to a power step in the
s l i gh t l y bottom-skewed axial power p ro f i l e . Each heated rod has 10 radial
heat transfer nodes.

3. Each cel l in the vessel has a lumped parameter heat slab whose area
and mass are determined from the actual area and volume of vessel material
thermally interact ing with i t .

4. The intact loop is represented by two tee components, a steam
generator component, a pipe component, and a pump component. A pressurizer is
connected to the secondary of one tee component, and intact loop ECC piping is
connected to the secondary of the other tee component. Feedwater flow in the
steam generator secondary is maintained for the required one second using a
f i l l component with the veloci ty versus time option. A break component with
the constant pressure option is connected to the other end of the steam
generator secondary.

5. The pump speed versus time option was used in the pump component
since the pump coastdown option was found to produce a considerably retarded
coastdown ra te .

6. The broken loop is represented by a pipe and a tee component. The
piping represented by these components includes the simulated steam generator
and pump, the break nozzles, and piping from the break nozzles to the pressure
suppression system. The broken loop ECC piping is connected to the secondary
of the tee component.

7. The pressure suppression system is represented by break components
with the constant pressure option. These components are connected to the
broken loop pipe and tee components.

8. The break nozzles are f ine ly nodalized to attempt to calculate break
flow correct ly.

9. The intact and broken loop ECC systems each are represented by an
accumulator component, a valve component with the check valve option, two f i l l
components representing the high pressure inject ion system (HPIS) and the low
pressure inject ion system (LPIS) pumps, and two tee components. The f i l l
components employ the veloci ty versus pressure option to simulate actual pump
performance.



10. The f u l l y - i m p l i c i t hydrodynamics opt ion is employed exc lus i ve l y in
the components connected to the vesse l . This opt ion is p a r t i c u l a r l y important
in the broken loop where the c e l l lengths are qu i te v a r i e d .

11. In a l l one-dimensional components represent ing p ip ing or pumps, wal l
heat t rans fe r w i th one heat t rans fe r node is ca l cu la ted . The thermal coupl ing
between the steam generator 's primary and secondary is accomplished using
three heat t rans fe r nodes. C r i t i c a l heat f l u x ca l cu la t i ons are performed only
in the vessel and the steam generator secondary.

12. The homogeneous f low f r i c t i o n fac to r was used in a l l components
where a choice is requ i red . Added f r i c t i o n was included as ca lcu la ted fo r
area change losses, bends, tees , and ins t rumenta t ion . Added f r i c t i o n was also
included as exper imenta l ly determined for the pressur izer surge l i n e , the
accumulator l i n e s , the steam generator, the simulated steam generator and
pump, and the core to upper plenum reg ion .

This Semiscale Mod-1 system model consists of 25 components w i th 212
computational c e l l s .

This model was modif ied s l i g h t l y to obtain the i n i t i a l condi t ions fo r the
s imula t ion of LOCE S-04-6. The break components represent ing the pressure
suppression system were replaced w i th f i l l components having a zero f i l l
v e l o c i t y spec i f i ed for the i n i t i a l i z a t i o n .

2. 2 Discussion of the Simulat ion

Af te r i n i t i a l condi t ions were obtained fo r the s imulat ion of LOCE S-04-6 by
running TRAC-P1A in the s teady-s ta te mode fo r 60 s, the s imula t ion of the
f i r s t 50 s of LOCE S-04-6 commenced. This s imulat ion requi red a t o t a l of
6.2801 hr cent ra l processing un i t (CPU) time on the CDC 176
computer - 3.0594 hr fo r tne f i r s t 40 s and 3.2217 hr for the l as t 20 s . The
time step si2es were determined i n t e r n a l l y by TRAC-P1A wi th a minimum time
step s ize o f i . 0 x 10"^ s input and a maximum time step s ize of
1.0 x 10~2 s input fo r tne f i r s t 30 s of the t rans ien t and 5.0 x 10"3 s
input fo r the las t 30 s. This minimum time step s ize and the increase in
outer i t e r a t i o n number to 100 and outer i t e r a t i o n convergence c r i t e r i o n to
1.0 x 10"2 a f te r 30 s solved the outer i t e r a t i o n convergence problems that
occurred a f t e r 30 s. A l l other i t e r a t i o n numbers and convergence c r i t e r i a
were input as recommended in the TRAC-P1A manualJ

3. PRESENTATION AND DISCUSSION OF THE RESULTS OF THE SIMULATION OF SEMISCALE
MOD-1 LOCE S-04-6

Comparisons of quan t i t i es ca lcu la ted by TRAC-P1A dur ing th i s s imulat ion of
Semiscale Mod-1 LOCE S-04-6 and obtained from the experimental data for t h i s
experiment are given in Figure.; 1 through 23. In these f igures time a f te r
blowdown i n i t i a t i o n is measured along the hor i zon ta l a x i s , and the q u a n t i t i e s
compared are measured along the v e r t i c a l ax i s . In a l l these f igures the
unmarked curves are TRAC-P1A ca lcu la ted q u a n t i t i e s , and the curves marked w i th
s o l i d c i r c l e s are the corresponding quan t i t i es obtained from the experimental
data.



Since the performance of the heated rods during a postulated LOCA is the
primary concern in the analysis of this accident, Figures 1, 2, and 3 show
heated rod cladding temperature histories at Power Steps 2, 5, and 8,
respectively. These power steps are three of the 10 power steps in the heated
core and are located in i t s lower, middle, and upper parts, respect ively. In
these figures the unmarked curves are the avtrage calculated temperatures at a
given power step. The curves marked with the )'s and the 2's are the low and
high extrema, respectively, of the measured temperature data range for the
power step depicted, and the curves marked with the stars see the average
measured cladding temperatures at the corresponding power step. The data
ranges are large, since c r i t i c a l heat f lux (CHF), indicated in these figures
by a large rate of change of temperature with respect to time, occurs at
d i f ferent times at various thermocouples in a given power step.

Figure 1 shows that the calculated and average measured cladding temperatures
agree we! 1 at Power Step 2.

Figure 2 shows that the calculated and average measured temperatures do not
agree well at Power Step 5, but that the calculated temperatures are within
the data range at this high power step during most of the simulation.
Actually the peak cladding temperature is predicted within 75 K, although the
time at which this peak temperature occurs d i f fers from the time i t occurs in
the experiment.

Although adequate cladding temperature predictions are made at the lower and
high-powered parts of the heated core, the calculated cladding temperatures at
Power Step 8 are considerably higher than the data, as shown in Figure 3. The
reason for this disagreement is that in LOCE S-Q4-6 CHF occurs at between 0.5
and 1 s at the lower and middle parts of the heated core and after 2 s at the
upper part; whereas TRAC-HA calculates CHF to occur at approximately 1 s at
a l l these parts. Thus TRAC-PlA's ab i l i t y to predict heater rod cladding
temperatures correlates well with TRAC-PlA's a b i l i t y to predict the occurrence
of CHF.

TRAC-P1A calculates simultaneous CHF without rewet at the lower and upper
parts of the heated core. This prediction is seen in Figure 24, which shows
the calculated temperatures at Power Steps 2 and 8 for the f i r s t 2 s of the
simulation. This prediction is consistent with the identical heated rod power
and nearly identical f l u i d conditions at these levels at the time CHF occurs.

Calculated and experimental mass flow histor ies at the core in le t are shown in
Figure 4. This f igure shows par t icu lar ly poo*1 disagreement between calculated
and experimental mass flows at approximately 1 s and 56 s. The disagreement
early in the simulation is more c lear ly seen in Figure 25, which shows these
mass flow histor ies during the f i r s t 2 s of the simulation.

Figures 5, 6, 7, and 8 show calculated and experimental mass flow histories in
the broken loop hot leg, broken loop cold leg, intact loop hot leg, and intact
loop cold leg, respectively. In general the calculated and experimental mass
flows shown in these figures do not agree we l l .



The incorrect calculation of mass flows in the broken loop early in the
blowdown contributes to the poor calculation of heated rod cladding
temperatures at the upper part of the heated core. Figures 5 and 6 show that
early in the blowdown the calculated mass flow is too high in the broken loop
hot leg and too low in the broken loop cold leg, and Figure 25 shows that the
calculated mass flow is incorrect at the core i n le t . A better calculation of
break mass flow would resul t in a better calculation of mass flow at the core
in le t and more l iqu id from the upper plenum reaching the upper part of the
heated core. More l iqu id in the upper part of the heated core would delay the
i n i t i a t i o n of CHF and thus result in a better prediction of cladding
temperatures. The additional l iqu id should improve s l i gh t l y the prediction of
cladding temperatures at the middle part of the heated core, but hardly affect
the prediction of cladding temperature at the lower part of the heated core,
since this l iqu id must be reheated in passing from the upper plenum to the
''ower part of the heated core.

Figures 9, 10, 11, and 12 show calculated and measured pressure histories in
the upper plenum, pressurizer, intact loop accumulator, and broken loop
accumulator, respectively. Except for between approximately 34 and 54 s the
calculated system (upper plenum) pressure does not agree well with this
measured system pressure. This disagreement results primari ly from the poor
break mass flow calculat ion. Although this calculation contribu* >s to the
disagreement between calculated and measured pressures in the pressurizer and
accumulators, the use of added f r i c t i o n , obtained from experimentally
determined hydraulic resistances in the pressurizer and accumulator l ines,
resulted in excessive f r i c t i on in these l ines. The exclusion of this added
f r i c t i o n and an improvement in the break flow calculation would resul t in a
s igni f icant improvement in calculated pressures.

Figures 13, 14, 15, 16, and 17 show calculated and experimental densities at
the core i n l e t , in the broken loop hot leg, broken loop cold leg, intact loop
hot leg, and intact loop cold leg. These figures show that in general the
calculated and experimental densities do not agree we l l .

In Figure 13 a s igni f icant disagreement in densities at the core in le t is seen
after 55 s. Since r e f i l l occurs in LOCE S-04-6 at approximately 55 s, th is
disagreement indicates that r e f i l l has not occurred during this simulation of
LOCE S-04-6. Figure 26, which gives the l iqu id volume fract ion of the lower
plenum, shows that the lower plenum has not even r e f i l l e d during this
simulation.

Poor intact loop ECC performance during the simulation could be responsible
for the fa i lu re of the lower plenum to r e f i l l . Figures 18 through 23 show the
performance of the ECC system during this simulation. These figures give the
respective calculated and measured volumetric flows in the intact loop
accumulator, intact loop HPIS pump, intact loop LPIS pump, broken loop
accumulator, broken loop HPIS pump, and broken loop LPIS pump. Outstanding
features of these figures are that during the simulation intact loop
accumulator flow was in i t ia ted about 4 s early, broken loop accumulator flow
was in i t ia ted about 9 s la te , and the intact loop LPIS flow was zero for most



of the simulat ion. The agreement between the calculated and measured
volumetric flows shown in these f igures would be better i f the agreement
between calculated and measured pressures were bet ter .

The low intact loop LPIS flow suggests that an explanation for the fa i l u re of
the lower plenum to r e f i l l is that not enough intact loop ECC l iqu id was
injected into the vessel. However, Figure 27 shows that su f f i c ien t in tact
loop ECC l iqu id was injected into the vessel. Figure 27 gives the to ta l
calculated and measured intact loop accumulator, HPIS, and LPIS volumetric
f lows. This f igure shows that the amount of ECC l iqu id injected during th is
simulation of LOCE S-04-6 is larger than the amount of ECC l iqu id injected
during LOCE S-04-6.

The reason that r e f i l l fa i led to occur during this simulation is not that
insu f f i c ien t l i qu id was injected by the ECC system, but that only one-sided,
lumped-parameter heat slabs are available to model heat transfer between the
f l u i d in the downcomer and lower plenum and the downcomer and lower plenum
wal ls . Since the heat slabs are one-sided, the only mechanisms available for
cooling the heat slabs representing the downcomer and lower plenum walls are
the vaporization of ECC l iqu id and the superheating of the resul t ing steam.
Therefore, r e f i l l is delayed because these heat slabs cannot also be cooled by
energy transfer to the atmosphere or core region. Furthermore, the uniform
temperature heat slab assumption imp l i c i t in the lumped-parameter heat
transfer solution technique is not va l id for heat slabs of the masses used in
th is Semiscale Mod-1 system model and results in overestimating the rate at
which energy is transferred to the f l u i d . Re f i l l is also delayed
considerably by th is higher than r e a l i s t i c energy transfer ra te .

4. CONCLUSIONS AND RECOMMENDATIONS

Since the performance of the heated rods during a postulated LOCA is the
primary concern in the analysis of th is postulated accident, the main
conclusion of th is analysis i s :

1. An adequate predict ion of heated rod cladding temperatures during
the blowdown and r e f i l l phases of Semiscale Mod-1 LOCE S-04-6 is provided by
TRAC-P1A where i t correct ly predicts the occurrence of CHF.

During th is simulation of LOCE S-04-6 the calculated heated rod cladding
temperatures agree well with experimental data in the lower part of the heated
core and f a l l within the data in the high-powered part of the heated core,
where CHF occurs in LOCE S-04-6 between 0.5 and 1 s. However, in the upper
part of the heated core, where CHF occurs in LOCE S-04-6 af ter 2 s, the
calculated heated rod cladding temperatures are considerably higher than the
experimental data. At a l l these core levels TRAC-P1A predicts CHF to occur at
approximately 1 s. Thus TRAC-PlA's a b i l i t y to predict heated rod cladding
temperatures correlates well with TRAC-PlA's a b i l i t y to predict the occurrence
of CHF.



I t is concluded from the comparisons in Section 3 of quantit ies calculated by
TRAC-P1A during this simulation of LOCE S-04-6 and quantit ies obtained from
the experimental data that:

2. The mass flows, pressures, and densities calculated by TRAC-P1A
during th is simulation of LOCE S-04-6 do not in general agree well with these
quantit ies obtained from the experimental data.

This conclusion has significance for the poor calculation of heated rod
cladding temperature at the upper part of the heated core, since the
simultaneous prediction of the occurrence of CHF without rewet at the lower
and upper parts of the Semi scale Mod-1 heated core is consistent with the
identical heated rod power and nearly identical f l u i d conditions at these
levels at the time this CHF occurs. Based on this conclusion, in part icular
as i t applies to the broken loop mass flows during the blewdown phase of
LOCE S-04-6, and the importance of calculating the correct break mass flow for
calculating the correct system behavior during a LOCE, i t is recommended that:

3. A c r i t i c a l flow model should be developed and implemented in TRAC-P1A
to better predict blowdown phenomena during a LOCE or postulated LOCA.

Clearly the results of this simulation show that break flow was poorly
calculated although the break nozzles were f ine ly nodalized. Cr i t i ca l flow
modeling must be implemented in TRAC-P1A to better calculate break flow. This
modeling would lead to a better prediction of system behavior during a LOCE or
postulated LOCA.

From the results and discussion presented in Section 3 pertaining to the
r e f i l l phase of this simulation of LOCE S-04-6, i t is concluded that:

4. Re f i l l of the lower plenum did not occur during this 60 s simulation
of Semiscale Mod-1 LOCE S-04-6, although r e f i l l did occur in LOCE S-04-6 at
approximately 55 s. A s igni f icant factor in causing this r e f i l l delay is the
use of one-sided, lumped-parameter heat slabs in the TRAC-P1A vessel component.

Although suf f ic ient ECC l iqu id was injected into the vessel to r e f i l l the
lower plenum, the only mechanisms available for cooling the heat slabs
representing the downcomer and lower plenum walls are the vaporization of this
ECC l iqu id and the superheating of the result ing steam, since the heat slabs
are one-sided and hence thermally interact only with the f l u i d in the
downcomer and lower plenum. Therefore, r e f i l l of the lower plenum would occur
sooner i f the heat slabs were two-sided and thus would also permit cooling the
heat slabs by energy transfer to the atmosphere or core region. Furthermore,
the uniform temperature heat slab assumption impl ic i t in the lumped-parameter
heat transfer solution technique is not val id for heat slabs of the masses
used in this Semiscale Mod-1 system model and results in overestimating the
rate at which energy is transferred to the f l u i d . This higher than rea l i s t i c
energy transfer rate also contributes considerably to delaying r e f i l l .
Therefore, i t is recommended that:



5. Although reducing the heat slab masses used in a Semiscale Mod-1
system model by assuming some "effect ive thickness" would lead to a better
prediction of r e f i l l phenomena during a LOCE, two-sided heat slabs should be
implemented in the TRAC-P1A vessel component and a distributod-parameter heat
transfer solution technique should be employed in determining the temperature
evolution of these heat slabs.

Such two-sided, distributad-parameter heat slabs are employed in the TRAC-P1A
one-dimensional piping components and should also be employed in the TRAC-P1A
vessel component. I f this recommendation and the recommendation given in
Item 3 were followed, then the ab i l i t y of TRAC-P1A to predict blowdown,
r e f i l l , and reflood phenomena during Semiscale Mod-1 experiments would be
enhanced.
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Figure 3 Heated Rod Cladding Temperatures at Power Step 8
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Figure 5 Mass Flows in Broken Loop Hot Leg
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Figure 8 Mass Flows in Intact Loop Cold Leg
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Figure 11 Pressures in Intact Loop Accumulator
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Figure 12 Pressures in Broken Loop Accumulator
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Figure 13 Densities in Core Inlet
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Figure 15 Densities in Broken Loop Cold Leg
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Figure 16 Densities in Intact Loop Hot Leg
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Figure 17 Densities in Intact Loop Cold Leg
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Figure 18 Volumetric Flow in Intact Loop Accumulator
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Figure 19 Volumetric Flows in Intact Loop IIPIS Pump
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Figure 20 Volumetric Flows in Intact Loop LPIS Pump
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Figure 22 Volumetric Flows in Broken Loop HPIS Pump
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Figure 23 Volumetric Flows in Broken Loop I PIS Pump
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