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ABSTRACT

As part of a program to obtain realistic, as opposed to
excessively conservative, analysis of reactor transients, a
multiple pin treatment for the analyslis of intra-
subassembly thermal hydraulics has been included in the
SASSYS-1 liquid metal reactor systems analysis code.
This new treatment has made possible a whole new level
of verification for the code. The code can now predict the
steady-state and transient responses of individual
thermocouples within instrumented subassemlies in a
reactor, rather than just predicting average temperatures
for a subassembly. Very good agreement has been
achieved between code predictions and the experimental
measurements of steady-state and transient temperatures
and flow rates in the Shutdown Heat Removal Tests in
the EBR-II Reactor. Detailed multiple pin calculations
for blanket subassemblies in the EBR-II reactor
demonstrate that the actual steady-state and transient peak
temprarures in these subassemblies are significantly lower
than those that would be calculated by simpler models.

I. INTRODUCTION

Historically, the models used in systems codes to
predict reactor behavior have usually been simple models,
manly because of computer limitations; but in recent
years these computer limitations have become less of an
issue, and it is now feasible to run very detailed models
on a routine basis. In the past there-was often
insufficient computer memory to run a detailed treatment
of the whole reactor core plus the primary and secondary
heat transfer systems; and even if sufficient memory was
available, it was too expensive to run detailed models
except in special cases. Often, two or three separate codes
were used to analyse a reactor: an overall systems code
with a simple core treatment, a second code to provide a

more detailed core treatment, and a hot channel code to
provide hot channel factors or peaking factors within a
subassembiy. Because of great uncertainties in the
process, conservative assumptions and conservative
factors had to be used; and it was often difficult to tell
just how conservative the results were or whether they
were not really very conservative because important
aspects of the reactor behavior were being missed.
Reactor operation can be restricted because of excessively
conservative assumptions used in safety analysis, but it is
difficult to justify relaxation of these restrictions without
a better analysis using verified models. In recent years
engineering work stations have become cheap and fast,
memory has become cheap, and the current FORTRAN
standard (FORTRAN 77) provides for the possibility of
portable coding that will run efficiently on any current
computer. Currently, if efficient numerical methods and
good coding are used, then it is feasible to make very
detailed calculations on a routine basis with a systems
analysis code; and that is the direction in which
SASSYS-1 development and usage are going.

II. SASSYS-1 CODE

The SASSYS-1 code1 is an integrated systems
analysis code. It includes a point kinetics treatment for
core neutronics and reactivity feedback. It also includes a
multi-channel thermal hydraulics treatment of the core,
coupled to thermal hudraulics treatments of the primary
coolant system,' the intermediatecoolant loops, the steam
generators, and the balance-of-plant. In addition, the code
contains a control system model. The code is capable of
analysing a wide range of transients, from mild
operational transients through more severe transients
leading to sodium boiling in the core and possible
melting of cladding and fuel. The main applications of
the code have been in the analysis of passive safety and in



the analysis of shutdown heat removal.

Previously, SASSYS-1 used each channel to
represent a subassembly or a group of similar
subassemblies. A channel models one pin, its associated
coolant, and a structure which represents the wrapperwire
and/or the subassembly duct wall. The whole length of a
subassembly from coolant inlet to coolant outlet is
modeled, including the pin section and reflector regions
above and below the pins. The pin section includes the
core and axial blankets, as well as a gas plenum region.
Usually an average pin was modeled. In the new multiple

pin option, the regions above and below the pin section
are still represented by a single channel; but up to 26
channels can be used to represent the pin section. Each
channel in the pin section can represent one or more pins
and their associated coolant. The new option accounts for
coolant-to-coolant heat transfer between adjacent channels,
including the effects of both conduction and turbulent
mixing. It also accounts for subassembly-to-
subassembly heat transfer from the duct wall of a
subassembly, through the interstitial sodium, to the duct
wall of a neighboring subassembly. In addition, axial
conduction in the coolant is accounted for. Each channel
used to represent the pin section of a subassembly has its
own sepatatetime dependent flow rate, and the flow rates
in all channels in a subassembly are driven by common
pressures at the inlet and outlet of the pin section. Thus,
transient flow redistribution between channels is
accounted for. The single flow rate in the regions above
and below the pin section is the sum of the pin section
flow rates, so the subassembly flow orifice sees the
correct total flow rate. One effect that the flow
calculation does not account for is cross-flow between
channels in the pin section, although cross-flow at the
ends of the pin section is allowed. Therefore, if
recirculation loops occur within a su'iassembly at low
flows, the model would calculate them; but the
recirculation loops would go to th>. ends of the pin
section. Currently, the multiple pin option has only
been implemented for single-phase calculations. It is not
applicable after the onset of boiling or pin disruption.

III. EXPERIMENTAL VERIFICATION

Results from the Shutdown Heat Removal Test
(SHRT) series of tests3-4 in the Experimental Breeder
Reactor II (EBR-II) are being used for verification of the
multiple pin treatment in SASSYS-1. This series of
thermal hydraulic tests was performed to demonstrate that
a properly designed liquid metal reactor (LMR) with metal
fuel can survive a number of anticipated transients

without scram. For this series of tests, detailed
temperature data is available from thermocouples in the
coolant in the XX09 instrumented subassembly. Also,
coolant flow data is available from flowmetersin XX09,
and system flow data for the primary and secondary
coolant systems is available.

V ocnta TTC - Top of Core TTwmwooupfe Lodbon

14TC - Tlwmocoupi* 14 an Abov* TopofCor*

Fig. 1. SASSYS-1 Multichannel Representation and
Thermocouple Locations for the EBR-II XX09
Instrumented Subassembly

Figure 1 shows the XX09 subassembly and the
multichannel representation used to model this
subassembly. The 61 pins in XX09 are modeled using 5
channels, where each channel represents a row of coolant
sub-channels. Outside the duct wall around the XX09
subassembly is a thimble flow region containing sodium
with a small flow rate. A channel is used to represent the
thimble flow region. The locations of some of the
thermocouples in XX09 are shown in this figure. There
is a row of thermocouples going across the subassembly.
These thermocouples are located in the middle of the S AS
channels. There are also other thermocouples located
above the core. XX09 stimulates a driver subassembly.
It is almost identical to a Mk-IIA driver subassembly,
except that in XX09 the outer row of pins is replaced by
an extra hex can wall and the thimble flow region.

The first SHRT test that has been analysed with
the multiple pin mode! is the SHRT-45 test. This test
was a loss-of-flow-without-scram from full flow and full
power. This test is the most severe loss-of-flow-without-
scram test that has been run in EBR-II. In addition to the



6 channel treatment for XX09 anil its thimble How
region, the SASSYS-1 model used for this test included
multiple pin treatments for the subassemblies
immediately adjacent to XX09, and it included single pin
treatments for the rest of the core, radial blankets, and
radial sheiids. The model also included a detailed thermal
hydraulic model for the rest of the primary system, a
detailed thermal hydraulic model for the secondary system,
and a simple steam generator model. Nothing beyond the
steam generators was modeled, and even the steam
generators had very little influence on the core during the
times of interest in this test. On the other hand, the
behavior of the primary pumps as they coasted down had
a large impact on the early part of the transient, and
primary loop natural circulation heads were dominant in
the later part of the transient after the pumps had stopped.
Trie centrifugal pump model used for this analysis was
the homologous pump model described in Ref. 7, based

on the work of Wylie and Streeter. >y

Since the purpose of these calculations was to
verify the multiple pin thermal hydraulic model,
reactivity feedback was not calculated. Instead, the power
level was specified as a function of time during the
transient, using the measured fission power and a
computed decay heat power. The decay heat was

calculated from the ANSI light water reactor standard^
using the irradiation history for the core loading.

Preliminary results from analysis of SHRT-45
were reported in Ref. 2. Since then more accurate
treatments have been included in many aspects of the
SASSYS-1 model used for this test.

Figure 2 shows the normalized power history used
for the SHRT-45 calculations, as well as the measured
and computed nrmalized total flows for XX09. The
pumps trip and start coasting down at time zero. Pump 1
stops at 100.6 seconds, and pump 2 stops at 91.9
seconds. As the coolant flow drops and the temperatures
rise, reactivity feedback reduces the power level. Figure 9
shows the resulting coolant temperatures near the top of
the core in XX09. The peak calculated temperature is tor
channel 24. The peak measured value is an averageof the
values for TTC30 and TTC31. The average values are
weighted values, weighted by the number of pins per
channel in the SASSYS-1 model.

The agreement between measured and calculated
temperatures is good, especially considering the
uncertainties in both the measurements and the
calculations. These uncertainties include thermocouple
calibration, thermocouple jitter, overall reactor power and

flow, XX09 power and flow relative to the overall reactor
values, and the fact that bowing of the pins and the duct
walls caused both initial distortions and transient
distortions of the actual XX09 geometry from the perfect
array of straight pins modeled in the calculations. To
some extent, some of these uncertainties can be
quantified. For instance, three different energy balances
were made on the system before the start of the transient,
giving three values that differ by 2-3%. Thus the
uncertainty in the power is at least 2-3%. A 1% change
in power corresponds to a change of about 1 K in top of
core coolant temperature at the start of the transient, or 3
K at the peak. Also, examination of the thermocouple
data from before the start of the transient, when
temperatures should have been constant or slowly
varying, shows that thermocouple jitter contributes at
least 1 K to the uncertainties.
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Fig. 2. SHRT-45 Power and Flow

The flowmeter data poses special problems, in
terms of agreement between different flowmeters that are
measuring the same flow, in terms of initial steady-state
normalization, in terms of the accuracy or reliability of
the relative transient values, and in terms of consistency
between measured flows, powers, and temperatures.
There are two flowmeters in series in XX09. They give
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Fig. 3. SHRT-45 Top ofCoreXX09 Coolant
Temperatures

readings that differ by a factor of 4, so at least one of
them is wrong. The upper flowmeter reading for the
initial steady-state flow is 18% less than the computed
value, so the upper flowmeter may have been working
moderately well, at least at higher flows. Therefore, the
lower flowmeter data was ignored, and all measured XX09
flows presented here are from the upper flowmeter. As
shown in Fig. 2, at higher flows, the measured and
calculated normalized flows for XX09 agree quite well.
At low flows the flowmeter readings show a lot of
random fluctuations, but the agreement between measured
and calculated normalized flows is still fairly good.
Another XX09 flowmeter issue is calibration or
normalization. Figure 4 shows the temperatures
computed when the initial XX09 flowratewas reduced by
18% to agree with the upper flowmeter, and the XX09
power was also reduced by 18% so that the initial top of
core coolant temperatures would agree with the measured
values. Powers and flows in the rest of the reactor were
left unchanged for this calculation. In this case, with the
initial XX09 coolant flow set equal to the flowmeter
value, the agreement between calculated and measured
transient coolant temperatures is somewhat poorer. Sinv
the computed transient temperatures in Fig. 3 are iuo
high, and those in Fig. 4 are too low, it would appear
that the actual initial flow in XX09 was somewhere
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Fig. 4. Top of Core XX09 Coolant Temperatures, 18%
Less Flow and Power

between the computed value and the flowmeter value. An
inbetween case was run with the initial XX09 flow
reduced by 6% from the computed value. The XX09
power was also reduced by 6%; and the total reactor power
was reduced 3% from the nominal value of 60 MWt to a
value of 58.2 MWt, which was consistent with two of
the .three overall system energy balances. The results of
this case are shown in Figure 5. This inberween case
gives the best agreement with measured coolant
temperatures. Fig. 6 shows the normalized flow rates for
these three cases. After normalizing to the steady-state
value, the transient flow rates are relatively insensitive to
the initial value; but again the computed initial flow case
agrees with the transient measurements better than the
case using the measured initial flow rate. On the basis of
these results, it appears that the flowmeter calibration was
10-15% low for this test. Figure 7 shows a comparison
between calculated and measured individual thermocouple
temperatures across the subassembly, from corner to
corner, at one time during the transient. The computed
and measured temperatures have very similar shapes, but
the measured values reflect some nonsymmetric effects
that are not accounted for in the concentric ring
representation used for the calculations. One
nonsymmetric effect is a power skew across the
subassembly: the power is highest in the direction
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Fig. 6. SHRT-45 XX09 Flow Rate Comparisons

toward the center of the core, leading to a nonsymmetric
temperature distribution. Another effect is bunching of
the pins; the pin bundle is apparently tighter in the
vicinity of thermocouples 30 through 33 than on the
other side of the subassembly near thermocouples 2 8 and
29. The bunching in the center near thermocouples 30
and 31 is accounted for in the calculation, but
nonsymmetric bunching near thermocouples 32 and 33 is
not accounted for.

In summary, at the 20% uncertainty level
everything in the SHRT-45 analysis holds together: the
measured temperatures are consistent with the measured
powers and flows, and the calculated temperatures and
flow rates agree with the measured values where the
measurements are considered to be reliable. Note that the
initial steady-state coolant temperature rise across the core
in XX09 is about 100 K,. whereas at the time of the
temperature peak the rise is about 300 K. Therefore, a
1 % change in power or flow corresponds to a temperature
change of about 1 K at the start of the transient, or 3 K at
the peak. At the 10% uncertainty level, some differences
appear between measured and computed initial flow rates;
and there are some difficulties in obtaining consistency
between measured initial temperatures and measured
initial powers and flows. Normalized transient flow rates



Fig. 8. SASSYS-1 Multiple Pin Model for EBR-II Blanket and Reflector Subassemblies

still agree at the 10% level. The agreement between
calculation and measurement is better for temperatures
than for coolant flowrates: most temperatures agree to
within 5% or better.

IV. IMPLICATIONS FOR REACTORS

One of the first applications of the multiple pin
treatment in SASSYS-1 has been in the analysis of EBR-
II blanket subassemblies. This case provides an
illustratation of the potential usage of the multiple pin
model in setting limits for reactor operation or design.
As plutonium builds up in these subassemblies, the
power rises. The power levels in some of these blanket
subassemblies are approaching the current technical
specification limits which were set on the basis of
conservative analysis that was near the limits of what was
feasible many years ago when the limits were first set.
One question that might be addressed in a situation like
this is whether the blankets have to be replaced when they
reach the current limits, or whether a case can be made
that the current limits are unduly conservative, and new
limits could be established.

In the current EBR-II loading, there are a number of
rows of radial shield subassemblies between the core and
the radial blanket subassemblies. The radial blankets start
in row 11. Because die neutron flux drops off rapidly in
the radial direction in the blankets, the highest blanket
powers and temperatures are in rows 11 and 12. The
blankets currently in row 11 are all high flow blankets
with more coolant flow than normal, and the peak
temperatures in row 12 normal flow blankets might be
comparable to those in row 11 high flow blankets. Row

13 blankets are all significantly cooler than the higher
power row 11 and row 12 blankets. The row 10 stainless
steel reflectors run significantly cooler than the row 11
blankets. Therefore, the hotter row 11 and 12 blankets
loose heat radially to the row 10 reflectors and to the row
13 blankets. This radial heat loss is not accounted for in
the current blanket power limits.

The channel model used for the multiple pin
blanket analysis is shown in Fig. 8. A row 10 reflector,
a hot row 11 high flow blanket, a hot row 12 normal
flow blanket, and a cooler row 13 blanket are modeled.
Because hot blankets could be next to each other in rows
11 and 12, azimuthal stibassembly to subassembly heat
transfer is neglected, and symmetry is used to model only
half of each subassembly. As in the case of the multiple
pin XX09 model, this is a coolant subchannel based
model rather than a pin based model. Each coolant
subchannel in half of each of the blanket subassemblies is
modeled. The stainless steel reflector subassemblies
contain solid steel hexes, with a small coolant gap just
inside the subassembly duct wall. A few channels were
used to model the row 10 reflector. The pins in the
blanket subassemblies are in contact with each other, so
there is no cross-flow mixing between coolant
subchannels. Therefore, the channel-to-channel heat
transfer coefficients in the blankets were based only on
conduction through the cladding and the fuel in the pins.
There is a strong lateral power gradient across the
blankets, with the higher powers closer to the core, and
this lateral power gradient was accounted for in setting the
pin powers for the individual channels.

Both steady state and transient temperatures were
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computed with this model. The case was run both with
and without subassembly-to-subassembly heat transfer in
the radial direction. In either case, intra-subassembly heat
transfer was accounted for. The transient was a loss-of-
flow transient due to a pump trip. Figure 9 shows the
steady-state lateral coolant temperature profile at the top
of the core. The lateral temperature profile at one point
in the transient is also shown. This lateral profile is
along the row of channels that starts with channels 82,
15, and 16 and ends with channels 65, 66, and 67. The
steady-state subassembly peak-to-average temperature
differences for the case with no subassembly-to-
subassembly heat transfer are comparable to those used in
setting the current power limits for the blankets, but
accounting for subassembly-to-subassembly heat transfer
pulls down the peak steady-state temperatures by more
than 30 K in both row 11 and row 12. In a loss-of-flow
transient, radial conduction and transient redistribution of
flow to the hotter coolant subchannels tend to flatten the
temperature profiles as the flow drops.

Figure 10 shows the transient peak and average
coolant tempratures at the top of the core in the row 11
blanket. With or without subassenibly-to-subassembly
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heat transfer, the peak temperatures fall rapidly towards
the average temperatures as the flow drops. Accounting
for subassembly-to-subassembly heat transfer also leads
to a rapid drop in the average temperature as the flow
drops.

In summary, the detailedblanket calculations show
that accounting for subassembly-to-subassembly heat
transfer significantly reduces the peak steady-state blanket
temperature. Also, in a loss-of-flow transient the peak-to-
average temperature difference drops as the flow decreases,
and subassembly-to-subassembly heat transfer reduces the
average transient temperatures.

It should be noted that calculating 500 seconds of
transient with this detailed multiple pin blanket model
took less than two hours of computing time on a Sun
ELC Workstation. The steady-state calculation took
considerably less time. By current standards, the Sun
ELC is somewhat slow and out of date. A current top-of-
the-line workstation could probably compute this
transient in less than half an hour.



V. SUMMARY

The multiple pin treatment that has been added to
the SASSYS-1 LMR aystems analysis code makes
possible a whole new level of validation for the code.
The code can now predict the temperatures seen by
individual thermocouples in a subassembly. For the
SHRT-45 test in EBR-U, very good agreement has been
obtained between code predictions and measured
temperatures and flows in the XX09 instrumented
subassembly. The EBR-II blanket calculations illustrate
the feasability of doing very detailed calculations to
account for important effects that have usually been
neglected in the past. With current engineering
workstations, it is quite feasible to do such deatikd
calculations routinely.
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