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ABSTRACT
DE82 019510

This paper summarizes the computational capabilities in the area
of liquid metal fast breeder reactor (LMFBR) system-wide transient
analysis in the United States, identifies various numerical and phys-
ical approximations, the degree of empiricism, range of applicability,
model verification and experimental needs for a wide class of protect-
ed transients, in particular, natural circulation shutdown heat remov-
al for both loop- and pool-type plants.

INTRODUCTION

The des ign , operation and s a f e t y ana lys i s of l iqu id -meta l - coo led f a s t
breeder reactors (LMFBRs) require the predict ion of plant response to various
t r a n s i e n t s . Loss of power to a pump, turbine t r i p , or the uncontrol led with-
drawal of a reactor control rod bank are examples of ant ic ipated i n c i d e n t s
whereas complete l o s s - o f - f o r c e d coo l ing or a major rupture in the primary p ip-
ing system with reactor scram are termed acc identa l t r a n s i e n t s .

Inves t igators have used mathematical models to predict t rans i ent behavior
of LMFBRs, o f ten using numerous s i m p l i f i c a t i o n s to al low tractable a n a l y t i c a l
s o l u t i o n s . With the advent of modern high-speed d i g i t a l computers, s imulat ion
of phys i ca l ly more r e a l i s t i c , and complex i n t e r a c t i n g phenomena covering a
wider range of i n t e r e s t have become poss ib le [ 1 ] ,

This paper reviews the computational c a p a b i l i t i e s i n the area of LMFBR s y s -
tem-wide t r a n s i e n t analys i s i n the U . S . , and i d e n t i f i e s various numerical and
physical approximations, the degree of empiricism, range of a p p l i c a b i l i t y , mod-
e l v e r i f i c a t i o n and experimental needs for a wide c l a s s of protected t r a n s i -
e n t s , i n p a r t i c u l a r , natural c i r c u l a t i o n shutdown heat removal.

LMFBR SYSTEM-WIDE TRANSIENT ANALYSIS

Large d e t a i l e d systems s imulat ion codes are needed for design and
a n a l y s i s . S p e c i f i c a l l y , the computer codes are required to predic t the com-
ple te s t a t e of the power plant during normal operat ing and abnormal acc ident
condi t ions . These, system-wide t rans i en t codes are expected to pred ic t three
generic c l a s s e s of thermal-hydraulic t r a n s i e n t s ; namely, (1) operat ional , , (2)
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incidental, and (3) accidental events. Table I identifies the required capa-
bil i t ies of LMFBR system simulation codes for various classes of transient
events.

The required degree of physical detail and system complexity is highly de-
pendent upon the transient to be analyzed. Specifically, for high flow - high
power transients, where forced convection processes dominate, the in-vessel mod-
eling must include sufficient detail in order to adequately predict the neu-
tronic feedback effects; however, a coarser nodalization and representation of
the heat transport systems and the steam generator system is often sufficient.
The larger the degree of perturbation, the greater the need for physical and
spatial detail in the simulation. Furthermore, in transients where free con-
vection effects become significant, considerable care must be given to the ade-
quate representation of the actual physical and spatial processes. For example,
in many transients, the modeling of the entire reactor core by a single, aver-
age channel is highly questionable. Flow redistribution enhanced by thermal
buoyancy in the reactor subassemblies is an important effect that must be.taken
into account in the modeling [2]. The sodium temperature and flow fields in
the loop reactor upper plenum or the pot reactor hot pool region must be ade-
quately modeled [1].

The effect of interassembly heat transfer can be a significant influence on
the system behavior. The magnitude of this effect depends on several factors
including the extent of radial power variation both within an individual assem-
bly as well as across the re?"tor core, the power-to-flow ratios for each as-
sembly, and the. geometric characterization. Singer et a l . [3] have attributed
EBR-II radial tomperacure flattening effects to intersubassembly heat transfer
with additional effects due to dynamic flow redistribution at low flow natural
convection conditions. However, i t seems that the interassembly heat transfer
is accentuated in EBR-II due to the more pronounced radial power variation and
the specific design of the EBR-II inlet . In large power reactors, however, the
radial interassembly heat transfer is expected to be small because the radial
temperature variations across the reactor core are minimized by design. In any
case, the intersubassembly heat transfer tends to reduce the radial temperature
gradient across the core thereby providing an extra safety margin. Ignoring
interassembly heat transfer provides a degree of conservatism in the safety
analysis [4].

A partial and/or complete flow reversal is possible during certain transi-
ent events, such as a maior pipe rupture in the cold leg or a complete loss-
of-heat-sink accident [ l j .

A summary of significant physical processes and model complexity i s also
given in Table I .

Another important consideration in LMFBR system-wide transient analysis is
the numerical integration algorithms used in the solution of the steady state
and time-dependent equations for unique and stable solution throughout the do-
main of interest. A simulator or a system code must therefore provide a con-
siderable number of thermohydraulic parameters with engineering accuracy and
reasonable computational efficiency. The attainable accuracy is , in part, de-
pendent on the adequacy of the physical and mathematical models and their re-
spective solutions.

Table II summarizes the status of the LMFBR system simulation capabilities
and limitations in the U.S. NALAP [5] was obtained by adopting the RELAP-3B
[6] (BNL version of RELAP-3) computer code by replacing the water properties



Table I Required Capabilities for System Simulation

Transient Class

Operational

.Incidental

Accidental

Example of Events

• Start-up
• Load Changes
• Shutdown

• Reactivity
Transients

• Single Pump
Failure

• Turbine Trip
• Valve Failures
• Pony Motor

Operation

• Station Black-
out

• Pipe Breaks
• Loss-of-Heat

Sink
• Seismic Events

Significant Physical Process & System Complexity

• Reactivity Feedback Effects
• Plant Protection and Control System (PPS-PCS]

Behavior
• Decay Heating 'Effects

• Reactivity Feedback Effects
• PPS-PCS Behavior
• Pump Behavior
• Assymmetric Multiloop Effects
• Flow Reversal and Stagnation
• Component Interactions .

t Inter/Intra Assembly Heat and Flow
Redistribution

• Upper Pool Plenum Stratif ication
• Inlet Plenum (Cold Pool) Mixing
• Partial Core Flow Reversal & Stagnation
• Sodium Boiling and Cladding Failure
• Piping Heat Transfer/Stratification
• Subassembly Pressure-drop
• Flow Orificing
• Core-bypass Interaction
• Auxiliary Cooling Paths
• Pump Dynamics and Stopped Rotor Resistance
• Axial Conduction Effects at Low Flow
• Thermal Instabil i t ies
• Break Discharge Flow Dynamics
a Decay Heating Effects
0 Steam Generator Dynamics
• IHX and Steam Generator Flow Maldistribution

Effects
• Heat Losses to the Environment

Degree of UetaiIs
and Nodaliiation

Detailed In-Vessel
Coarse Ex-vessel
Single loop Simu-
lation

Detailed In-Vessel
Multiloop Simula-
t ion

Very Detailed In-
Vessel

Very Detailed Ex-
Vessel

Multiloop Simula-
tion

importance o1
Numerical
Efficiency

Medium

High

Very High



Table II

Phytiul

; * Systea Slaulatton Capability In the U.S.

Hatheaat tca l and computational Aspects

Scop* Unique Features limitation
rtir
iupport

Solution
Technique

Unlqi'a
Features

|Computer
Operable

UUP
BM.
1975
USMtC

TherMl-Hydraultc
Overall Plant Simulation

General Cod* Adapted from
RELAP

U c k i Steady S U t i Capabil i ty
U n i t e d to 40 V O I U M S and SO

Junction!
l a c t t Sodlua l u l l I n g
Lacks Control Systoai

Explicit CBC-I60C

S 1hinHl.Hydraunc
u-mnford Onra l l Plant StauUtton
1976 for FFTf
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trol Syitctu
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Ojun H«« e»chanmr Hodtl
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Explicit
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tlon for tnargy
I predictor co;--
rgctor for flow^

CDC-6M0
CQC-7600

DERO

1976
USDOE

TherMl-Hydraulic
Owrall Plant Stauiatlon

for CRBSP

Saw ai above, but Models
Steta Generator!

Llatted Nodaliiation
LtMltad Core Channels
Lacks Flow Redistribution

Model
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Lacks Hndels for Auxiliary Cool-

Ing Systeas
Adlaoatlc SubasMet>11e«

Explicit Steady State CK-7GO0
Initialization

BDEMM
or
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Overall Plant Slaulation
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TurbD-generator Model
St G t A l l

Llaited Nodaliiatian
lacks Steady Stcta Capability

V i Ol

lapllclt Uses the DADE CK-6600
COC-76OQ1

197S
JSNRC

EPRI-CUHL
Cornel l

Un iv .
1977
EPK1

SSC
Bill
1977
USNRC

Steaa Generator Auxiliary
Systm

Theraal-Hydraulic Plant Protection 1 Con-
Overall plant Simulation trol Systeas

Six Channel Reactor
Flon Redistribution 1

Reversal
Multlloop Simulation
Pip* Braak Modal
natural Convection
Loer I Pool Versions

Thernal-Hydraulic Plant Protection < Con-
Overall Plant Stnulatlon trol Systeat „

Genaral Multilooo Siaula-
tion

Multichannel Reactor
Floa Redistribution ( Re-

versal
Ptpa Break anywhere In

Sodtiai loops.
Natural Convection
Wdaliiation Halted only

by the Machine SI IB
Ion Heflt Flux Sodlua Boiling

Model
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Model
talance of Plant Models
Dump Heat Exchanger Models
Direct Reactor Auxiliary

Cooling System
loop i Pool Versions

Loop Version only

Lacks Sodium Boiling
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Ste»? Sanarators
lacks Auxiliary System
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Initialization CX-7600
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Step
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Process Time
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Evaluation :
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Variable Tim*

Step
Very Fast Run-



with sodium properties. Although this code could provide a rudimentary analy-
sis of flow decay for a loss of piping integrity accident in the primary sys-
tem, i t has many severe modeling as well as operating limitations.

The IANUS [7] code was developed for the Fast Flux Test Facility (FFTF) and
is capable of modeling thermohydraulic transients in the primary, intermediate
and the dump heat exchanger (tertiary) systems. The DEMO [8] code is similar
to IANUS, and is designed for specific application to the Clinch River Breeder
Reactor (CRBR). It models the primary and intermediate heat transport systems
as well as the steam generating system. Since IANUS and DEMO are designed for
specific plants, they lack many physical models as summarized in Table I I . More
recently, a version of DEMO has been adapted to a pool-type LMFBR [9]. The dy-
namic simulation code NATCON [10], used for evaluation of thermal-hydraulic be-
havior of the EBR-II primary system, has been coupled to the DEMO-IV computer
code resulting in the NATDEMO code [11]. Application of NATDEMO to EBR-II loss
of power transients shows excellent agreement with key plant variables.

The BRENDA [i2] code developed at the University of Arizona consists of a
number of digital simulators prepared and maintained as input files for the
DARE-P software system (Digital Analyzer Replacement-Portable). The code is
intended to provide convenient and economical simulations of transients for use
in scoping studies.

The EPRI-CURL [2] code developed at Cornell University is similar in scope
to the DEMO code, with the exception of better physical and mathematical repre-
sentations, which enhance physical and numerical accuracy.

The SSC [13] code developed at Brookhaven National Laboratory is a highly
general, s tate of the art code for LMFBR system simulation studies. I t provides
rather detailed models for processes of Interest in the reactor core (including
sodium boiling) as well as in the heat transport and the steam generating sys-
tem. Depending upon the transient to be analyzed, the user can choose, through
appropriate input, to emphasize either the in-reactor or the balance of plant
or both. This code provides an advanced system transie.it capability for the
U.S. Nuclear Regulatory Commission's LMFBR licensing studies. This code has
been in operation for more than four years and i t is being used by a large num-
ber of organizations both at home and abroad. I t is also being validated using
the FFTF plant data and exLsting test data from various other component tests .

Detailed subassembly thermohydraulic modeling is not available in all of
the above-mentioned computer codes. The maximum assembly temperatures (hot
spot and/or hot channel) are obtained by applying appropriate hot spot/hot
channel factors to the radial-wide average temperatures. This method can lead
to very conservative estimates of hot channel coolant and hot spot cladding
temperatures. Consequently, more detailed rod bundle thermal-hydraulic analy-
sis must be used for best-istimate predictions.

MODEL ASSESSMENT AND DATA BASE

The simulat ion of the e n t i r e plant to include the various processes as wel l
as the i n t e r a c t i o n between d i f fe ren t processes and/or components for the plant
i s obviously a complex problem. Experimental v e r i f i c a t i o n of such simulations
i s equally i f not more complex. Clear ly , the optimum data from a plant can be
obtained by subjecting the plant under investigation to a variety of transients.
This procedure is not feasible for two reasons: (1) the data base is often



needed prior to building the plant, and (2) i t may not be prudent to simulate
all off-normal transients. Therefore, alternative procedures are employed [1],

A system simulation code, which incorporates simulation for individual pro-
cesses and components, can be verified either on a modular or component basis
or i t can be checked against integral data for similar thermohydraulic condi-
tions obtained from another plant. In just about all situations, areas are
likely to be found where improvements would be needed. These improvements can
be in the form of updating a physical model or developing an improved correla-
tion. The resulting improvement is then incorporated into the system code and
the entire process is repeated. The process of code verification is a contin-
uing one but not an endless one. It is to be expected that as the data base is
enlarged, there will be a continual decrement in improving models or correla-
tions .

Experiments may be performed in existing plants as a part of the preopera-
tional testing prior to full power operation. By and large, these integral or
in-plant experiments will provide a very important data base since these data
are prototypical. Alternately, tests may also be carried out for a single pro-
cess or a component in a simulated environment. The laboratory tests are gen-
erally inexpensive and readily performed. Perhaps one of the most significant
drawbacks of the laboratory tests is a potential for nonprototypical testing
conditions. Nevertheless, i t should be added that both in-plant as well as
laboratory tests should be performed.

Table I I I indicates various parts of the LMFBR system that require verifi-
cation. Included in this table are the key parameters and their importance.
This l i s t is not intended to be exhaustive, rather i t shows some of the most
crucial parameters. The importance rating is subjective in that i t strongly
depends upon the plant transient under investigation. The importance rating
included in Table III is perhaps more representative of a natural circulation
transient.

Table IV summarizes soiae of the current tests and experiments either com-
pleted, underway or in progress which are directly applicable to model/code
validation.

As part of the SSC Code Validation Program, comparisons of integral FFTF
plant data have been made with code calculations. Four natural circulation
tests have been conducted between November 1980 and March 1981, at pre-scram
power levels of 5, 35, 75 and 100%, respectively [14]. After a prescribed
length of time at powe;:, the tests were initiated by scramming the control rods
into the reactor. Immediately thereafter, main coolant pumps were turned off,
simulating loss of all normal and emergency power. Extensive temperature and
flow measurements were taken.

Figure 1 shows the measured Fuel Open Test Assembly (FOTA) temperature fol-
lowing scram to natural circulation from 100% power.

Also shown in Fig. 1 are the predicted FOTA temperatures calculated by the
IANUS/CORA [14] and SSC-L computer codes. The agreement is shown to be quite
good-; however, i t must be noted that the IANUS/CORA model allows individual in-
tersubassembly redistribution of heat and flow; the SSC-L code only models the
flow redistribution. The peak temperature predicted by SSC-L is therefore high-
er than both the data and the IANUS/CORA model.

Steady power-natural circulation tests have been performed at the U.S. EBR-
I I , the French PHENIX, and the British PFR reactors [15]. A similar analysis



Table III. LMFBR System Validation Needs Relevant to Natural Circulation *

Component

I . Reactor Vessel

1. In le t Module

2. Plena & Pools
(Hot & Cold)

3. Assemblies

4. Structural
Materi al

I I . Heat Transport
System

1. Piping

2. Pumps

3. Check Valve

4. IHX

I I I . Steam
Generator
System

1. SG

Parameter/Phenomena

Pressure Drop
Mixing During Partial Flow
Reversal

Mixing and Strat i f icat ion

Pressure Drop
Laminar/Critical Transition/
Turbulent

Heat Transfer Coefficients

Intra-Assembly Redistribution
Heat/Flow

Inter-Assembly Redistribution
Heat/Flow

Low-Heat Flux Boiling Dryout
Correlations

Decay Heat

Shutdown Heat/Heat Losses

Pressure Drops
Stratif ication

Frictional Torque
Locked Rotor Resistance

Pressure Drop

Shell Side Pressure Drop
Flow Maldistribution

Pressure Drops
Dryout Correlations

Importance

High

Medium

High

High

High

High

High

Medi urn

High

Medium

Low
Medium

High
High

High

Medi urn
Medium

High
Medium

Data Ava i lab i l i t y

Limited

None

Limited

Limited/Limited/
Sufficient

Sufficient

Limited

Limited

Limited

Limited

None

Sufficient
Limited

None
Limited

Limited

Limited
Limited

Sufficient
Sufficient



Table IV. Natural Circulation Test Data

Facility

FFTF

EBR-II

ETEC

GE

ANL

ORNL

Test

Acceptance Tests

XXO7, XXO8 Series

CRBR Components
SG Module
Pump

PACC

Flow Redistr ibut ion
Experiments

Flow Mixing and
Stratif ication

Boiling Experiments

Potential Applicability

Model Validation on System-Wide Basis
Adequacy of Core Modeling

Assessment of Inter-Assembly Flow
Redistribution and Heat Transfer

Model Validation
Assessment of Frictional Torque and

Locked-Rotor Resistance
Model Validation

Assessment or Inter-Assembly Flow
Redistribution Model

Investigation or Parallel Channel
Instabil ity Effect

Lower Plenum Mixing Effect

Assessment of IHX and Pipe Models

Dry out Prediciton

§•

I l l -

I FFTF Test Data
— CORA-IANUS

ssc

40.00 80.00 120.00 160.00 200.00 240.00 2B0-00 320.00 360-00

Fig. 1: FFTF Row 2 FOTA Average Coolant Exit Temperature
at Top of Fuel Location for the 100% Power Test.



using the SSC-P computer code shows predictions to be within 5% of the measured
data [15].

Special effects tests summarized in Table IV are being performed at Ajrgonne
National Laboratory (ANL), Oak Ridge National Laboratory (ORNL), General Elec-
t r ic (GE), and the Energy Technology Engineering Center (ETEG) which are very
conducive to evaluation cf physical models.

The ANL data [16] can be used to determine the adequacy of one-dimensional
models during low flow natural convection, where the thermal buoyancy and
stratification effects can influence the pressure drop and heat transfer in the
plant components (Pipings, 1HX, e t c . ) .

The ORNL data [17] can be used to validate low and high heat flux sodium
boiling models. These data can also be utilized to assess the intraassembly
incoherency phenomenon associated with the bundle size.

Natural convection water simulation of interassembly flow redistribution,
and upper plenum mixing and stratification phenomena are being conducted at GE
[18]. The test model is not prototypic of the reactor. However, valuable data
regarding the coolant flow dynamics and interchannel instability effects as a
function of channel geometry and heat flux can be obtained.

Component performance testing is underway at the ETEC with both water and
liquid metal coolant to verify the characteristics of LMFBR coolant pumps,
valves and the steam generator units in support of the Clinch River Breeder Re-
actor Project (CRBRP).

In the area of experimental data, there is a vi tal need for more prototypic
data on sodium mixing and stratification effects at low flow free convection
conditions, especially in the plena and large pools. Experimental data from
prototypic facil i t ies for multiple bundle geometry to quantify and assess the
effects of inter and intraassembly heat and flow redistribution are also need-
ed.

Data are needed on the operation of pumps, especially at or near locked
rotor and cavitation and i t s impact on the system response.

Finally, benchmark transient problems should be established to be used by
various model developers and code users so that various models and assumptions
as well as use of plant data can be compared.
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