
  

 

SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION

APPLICATION OF THE TRACG COMPUTER CODE TO STABILITY ANALYSIS FOR THE

ESBWR DESIGN NEDE—33083P, SUPPLEMENT 1

1.0  INTRODUCTION

General Electric Company (GE) submitted NEDE-33083P, Supplement 1, “TRACG Application
for ESBWR Stability Analysis,” for staff review as part of the pre-application review activities for
the economic simplified boiling water reactor (ESBWR) advanced passive design (Reference 1). 
The description of the models in the code is provided by Reference 2.  TRACG was submitted
for ESBWR pre-application review for analysis of the loss-of-coolant (LOCA) scenario in
Reference 3.  TRACG has been reviewed and approved for application to anticipated
operational occurrences (AOOs) in operating BWRs (Reference 4) for prediction of the initial
pressure peak in anticipated transients without scram (ATWS) in operating BWRs (Reference 5)
and for application to LOCAs in the ESBWR (Reference 6).

The NRC has reviewed and approved “ODYSY Application for Stability Licensing Calculations,”
NEDC-32992-P, for operating boiling water reactors (BWRs) (References 14 and 15).  ODYSY
is a frequency domain code used to determine the core open loop transfer function and from
that function infer the decay ratio.  The TRACG stability methodology is fundamentally different
from that of ODYSY.  TRACG directly calculates the time domain response to a flow
perturbation and the decay ratio is calculated based on the transient behavior predicted.

GE is seeking NRC approval to use the prescribed methodologies in Reference 1 to predict the
margin to instability for the ESBWR under normal operating conditions and anticipated
transients.  GE also seeks NRC approval for predicting the ESBWR startup trajectory using
TRACG.

2.0  REGULATORY BASIS

General Design Criterion (GDC) 12 requires that unstable oscillations either be prevented or
detected and suppressed before fuel design limits are exceeded.  GDC 12 states:

The reactor core and associated coolant, control, and protection
systems shall be designed to assure that power oscillations which
can result in conditions exceeding specified acceptable fuel
design limits are not possible or can be reliably and readily
detected and suppressed.
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GE submitted a methodology to demonstrate instabilities are highly unlikely.

GDC 10 requires that the reactor protection system must be capable of terminating any
anticipated transients, including unstable power oscillations, prior to exceeding fuel design
limits.  GDC 10 states:

The reactor core and associated coolant, control, and protection
systems shall be designed with appropriate margin to assure that
specified acceptable fuel design limits are not exceeded during
any condition of normal operation, including the effects of
anticipated operational occurrences.

By satisfying GDC 12 through analysis that demonstrates power oscillations are highly unlikely,
GE proposes to then rely on a detect and suppress system within the reactor protection system
as a backup to eliminate power oscillations from consideration under GDC 10.  Thus, only
AOOs must be considered.  This safety evaluation (SE) is limited to the capability of TRACG
and the prescribed methodology to analyze the likelihood of power oscillations in the ESBWR
design.

3.0  TECHNICAL EVALUATION

The requirements of a realistic methodology are somewhat different from those of a prescriptive
methodology in that more realistic models can be used and a measure of the uncertainty in the
code must be determined.  Various means of achieving an estimate of uncertainty are available
in the realm of statistical analysis.  GE has chosen to follow the basic code, scaling,
applicability, and uncertainty (CSAU) approach outlined in NUREG/CR-5249 (Reference 7). 
While the CSAU approach defines the process by which uncertainty analysis is performed, it
leaves room for GE to determine the exact statistical methodology to be applied.  In both the
AOO application of TRACG and the ATWS application, GE chose to apply a normal distribution
one-sided upper limit statistical methodology.  The staff discussed this approach in
References 4 and 5.  The approach taken for application of TRACG to the ESBWR stability
event is again the normal distribution one-sided upper limit statistical methodology.  A
description of the methodology will be found in Section 3.13 of this SE.

Basics of Boiling Water Reactor Stability

Oscillations due to changes in flow regime (bi-modal) can occur during startup.  As the power
increases the flow will transition into different flow regimes, i.e., slug flow to annular to
churn-turbulent.  Under some conditions the flow may oscillate back and forth between flow
regimes.  This will occur for each channel separately such that the core will not be oscillating as
a whole.  This results in increased noise in the core flow.  Since the flow regime is well defined
for steady-state full-power operations, this type of instability is not expected at full-power
conditions.  

Control system instabilities are caused by some external controller rather than power/flow
mismatch.  This may be due to a control system algorithm that causes a pump or valve to
oscillate under certain conditions or to spurious control blade motion.  Control system
instabilities are not a part of the application of TRACG since they are not neutronic/
thermal-hydraulic driven instabilities.
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Loop oscillations (also called Type 1 oscillations) are often seen in a heated channel with a
chimney riser in natural circulation.  A packet of steam with a higher void fraction flowing up the
chimney causes an increase in buoyancy and an increase in flow in the channel.   This increase
in flow causes a decrease in void production in the heated channel, which causes the buoyancy
to decrease and the flow to decrease.  The decrease in flow causes an increase in void
production and the oscillation cycle starts over again.  This would not occur in a critical nuclear
reactor since the average core void fraction must remain constant due to strong void reactivity
feedback. 

Density wave oscillations are the main focus in BWR stability analysis.  There have been
numerous instability events in BWRs world-wide, most arising from density wave oscillations.  A
few of the events that have occurred in U.S. operating BWRs, each of which had a 2-3 second
period, are:

• LaSalle 2 on March 9, 1988—power oscillation of 25-60 percent
• WPPS WNP 2 on August 15, 1992—power oscillation of 23-43 percent
• Nine Mile Point 2 on July 24, 2003—power oscillation and OPRM SCRAM
• Perry on December 23, 2004—power oscillation and OPRM SCRAM

The dynamic aspects of nuclear reactors have been studied and described in general for
decades (Reference 18).  The dynamics of the BWR have been studied in extensive detail due
to the concern for neutronic thermal-hydraulic stability resulting from operation in the presence
of moderator voids (References 19 to 24).  Most of the more than two dozen instability events
that have occurred world-wide in BWRs are the result of special stability tests.  However, some
have occurred during normal operation, resulting in reactor shutdown.  The basic cause of this
type of instability is a change in reactivity caused by void fraction fluctuations.

Three modes of density wave oscillation are considered for analysis using the TRACG thermal-
hydraulic computer code:  core-wide (or in-phase) mode, regional (out-of-phase) mode, and
channel mode.  In the case of the core-wide instability mode, the power and flow of the entire
core oscillate in phase.  On the other hand, in the case of the regional instability, the power and
flow in one half of the core oscillate out of phase with the power and flow in the other half of the
core.  In the case of the channel instability, the flow oscillates in one channel independently of
the remainder of the core.

Extensive discussion has been provided in Reference 24 regarding the complex nature of BWR
dynamics.  To summarize that discussion, the oscillatory response of the BWR depends on the
movement of density waves through the core coupled with neutronic feedback.  The density
wave causes a delay in the local pressure drop due to a change in inlet flow.  The sum of all
local pressure drops may then result in a local drop that is out of phase with the inlet flow.

The neutronic feedback is a function of the neutron dynamics, the fuel dynamics, the local
thermal-hydraulics, and the reactivity feedback dynamics.

Prediction of power-flow oscillation, or instability, thus necessitates the ability to accurately
characterize the thermal-hydraulic dynamics, especially voiding and two-phase flow, along with
an accurate characterization of the neutronic dynamics.  Previous staff SEs (References 4
and 6) have provided detailed results of reviews of the neutronic dynamic and two-phase flow 
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capabilities, respectively, of TRACG.  The present review must bring the two together and
determine the adequacy of TRACG to predict the stability of the ESBWR design.

GE has previously employed the ODYSY code to perform stability analyses for operating
BWRs.  The ODYSY code is a frequency domain code with a one-dimensional kinetics model
that was approved for use in operating plant analyses (Reference 15).

The ODYSY code is based on the ODYN thermal-hydraulic transient methodology coupled with
the kinetics model.  These models form the basis for determining the forward and feedback
transfer functions of excitation to the system on the system response.  The product of these two
transfer functions is referred to as the open loop transfer function (OLTF) (Reference 14).

In a case where a system is truly unstable, the OLTF is able to propagate the excitation via
feedback mechanisms once the initial perturbation is removed.  According to the Nyquist
theorem, in a frequency domain, the response of the OLTF can be used to determine if a
system is unstable by observing if this response passes through or encircles the negative unity
point on the real axis (Reference 30).

In essence the OLTF is a characteristic function of the reactor system given its configuration
and conditions.  As the point of interest is the negative unity point on the real axis, the actual
mechanism of the perturbation to the system is moot since the system will self-sustain an
excitation at this point.  Typically the OLTFs analyzed by the ODYSY code are the flow/pressure
drop OLTF for the channel stability analysis and the core power/feedback power OLTF for the
core-wide stability (Reference 14).  In either case, the instabilities are driven by density wave
propagation, with neutronic feedback being a consideration in the latter analysis.  

In many cases the OLTF response for a real reactor system will not pass through the negative
unity point for its operating conditions.  The decay ratio is then used as a measure of the
damping of oscillations for situations where oscillations are not self-excited by the system.  The
decay ratio is calculated by determining the distance in the frequency domain between the
negative unity point on the real axis and the nearest point on the OLTF response locus, thereby
allowing one to establish a margin to the onset of instability.

The decay ratio, therefore, is a parameter that characterizes the system given its conditions and
is a measure of the system’s margin to instability.

In the time domain a decay ratio of unity indicates an oscillatory mode that is exactly
self-excited, and the oscillation would continue without an external mechanism driving it.  A limit
cycle oscillation of this type is the oscillation for a given system that, once excited, will return to 
the same oscillation if additional higher modes are excited and allowed to decay.  A limit cycle
oscillation with a decay ratio of unity would therefore be sinusodial after sufficient time has
passed for higher order damped modes to decay.  

Decay ratios less than unity indicate that the reactor system is stable as responses to a
perturbation in these cases self-dissipate or dampen.  While an initial perturbation may excite
several different modes of oscillation, the primary interest is the mode nearest to the limit cycle
oscillation, as the others will decay after the external driving mechanism is removed.  The decay
ratio is most easily inferred from the transient response by taking the ratio of a peak in the
oscillatory response to a previous peak.
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GE proposes to use the TRACG time domain code to perform stability analyses.  In the time
domain the OLTF is not calculated directly.  Instead an artificial perturbation (i.e., an external
driving mechanism) is applied to the system.  In these cases the flow or pressure is varied by
changing boundary conditions in the model.  The external driving force is then removed and the
code predicts the transient behavior of the system.  

The decay ratio is then inferred by observing the transient response.  While this means of
determining the decay ratio is less direct than calculating the OLTF in the frequency domain,
and in many ways more computationally expensive, the decay ratio remains a characteristic
parameter of the core for its given conditions.  The decay ratio is determined based on the ratio
of subsequent positive peaks in the transient response trace.  Given that the response is not a
perfect analytical solution, this ratio should be calculated while the positive peaks are relatively
large to prevent masking from numerical noise.  

The larger peaks tend to occur early in the transient before significant damping has occurred. 
However, in the very earliest stages of the transient, higher order modes of oscillation (many
points on the OLTF locus) may be excited.  However, these rapidly decay compared to the
fundamental mode—which is nearest to the limit cycle.  Therefore, a balance in each calculation
must be preserved to ensure that the selected peaks in the transient response are not too early
or too late in the transient.  GE consistently selects the same pair of transient response peaks in
order to determine the decay ratio for any given initial perturbation.

Scope of Review

The scope of the staff’s review is limited to the capability of the TRACG code to perform stability
analyses for the ESBWR and does not address the acceptability of the ESBWR design. The
validity and applicability of the TRACG code inputs must be assessed for the specific design. 
The inputs that impact the stability of a specific design, though noncritical in a review of the
methodology, include: 

• the dynamic gap conductance input
• heat transfer/critical power correlations for the fuel bundles
• cross section data input for the kinetics model  

For the current purpose, these inputs are assumed to be representative in order to perform an
assessment of the methods used for predicting decay ratios, though the staff notes a review of
these inputs will be performed during the ESBWR design certification review.

While the scope of this review does include best-estimate predictions of core behavior during
startup, the determination of the decay ratio is based on artificial external perturbations.  The
decay ratio is a measure of the margin between the system’s feedback response where an
arbitrary density wave oscillation becomes self-excited. 

CSAU-Based Technical Evaluation

The CSAU methodology consists of 14 steps contained within 3 elements.  The first element
includes Steps 1 through 6 and determines the requirements and code capabilities.  The
scenario-modeling requirements are identified and compared against code capabilities to 
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determine the applicability of the code to the specific plant and accident scenario.  Code
limitations are noted during Element 1.

The second element in the methodology includes Steps 7 through 10 and assesses the
capabilities of the code by comparison of calculations against experimental data to determine
code accuracy and scaleup capability and to determine appropriate ranges over which
parameter variations must be considered in sensitivity studies.

The third element in the methodology consists of Steps 11 through 14 and individual
contributors to uncertainty, such as plant input parameters, state, and sensitivities, are
calculated, collected, and combined with biases and uncertainties into a total uncertainty.

Element 1 - Requirements and Code Capability

3.1 Step 1 - Scenario Selection

The processes and phenomena that can occur during an accident or transient vary considerably
depending on the specific event being analyzed.  GE has identified power-flow stability as the
event to which the methodology under review will be applied.  Application of the methodology to
other transients and accidents has not been considered in this review.

GE is consistent with this step in the CSAU approach.

3.2 Step 2 - Nuclear Power Plant (NPP) Selection

The dominant phenomena and timing for an event can vary significantly from one nuclear power
plant design to another.  GE has specified the nuclear power plant applicability for the
methodology under review to be the ESBWR natural circulation, passive design.

GE is consistent with this step in the CSAU approach.

3.3 Step 3 - Phenomena Identification and Ranking

The behavior of a nuclear power plant undergoing an accident or transient is not influenced in
an equal manner by all phenomena that occur during the event.  A determination must be made
to establish those phenomena that are important for each event and various phases within an
event.  Development of a phenomena identification and ranking table (PIRT) establishes those
phases and phenomena that are significant to the progress of the event being evaluated.

Important phenomena for stability in the ESBWR have been identified in a PIRT.  The PIRT for
stability includes all the high-ranked and medium-ranked phenomena.  Phenomena associated
with the prediction of dryout and film boiling, cladding deformation, etc., are considered to be of
low importance on the PIRT because TRACG simulations of ESBWR instabilities indicate a
relatively large critical power ratio (CPR) margin.  The staff is reviewing GE’s application of its
critical heat flux (CHF) correlation to ESBWR as part of design certification.  Should the CPR
margins be reduced significantly relative to what was originally predicted as part of this stability
topical report review, the staff expects GE to update its stability PIRT accordingly.  
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A full discussion of the GE stability PIRT can be found in the enclosed technical evaluation
report (TER) review of Reference 1, Section 3.

The PIRT is comprehensive and gives the appropriate rating to important stability phenomena.

GE is consistent with this step in the CSAU approach.

3.4 Step 4 - Frozen Code Version Selection

The version of a code, or codes, reviewed for acceptance must be “frozen” to insure that after
an evaluation has been completed, changes to the code do not impact the conclusions and that
changes occur in an auditable and traceable manner.  GE has specified that the TRACG04
code, which is under configuration control, was used for the ESBWR stability application.

GE is consistent with this step in the CSAU approach.

3.5 Step 5 - Provision of Complete Code Documentation

This step is to provide documentation on the frozen code version such that evaluation of the
code’s applicability to postulated transient or accident scenarios for a specific plant design can
be performed through a traceable record.  GE has provided the necessary documentation
through submittal of ESBWR stability-specific documentation and reference to code
documentation in the possession of the staff from the previous reviews of the TRACG code
reported in References 4, 5, and 6.

GE is consistent with this step in the CSAU approach.

3.6 Step 6 - Determination of Code Applicability

A discussion is provided in the enclosed TER regarding the rationale of GE in moving from use
of the “dog-bite” stability map of the operating BWR fleet to an ESBWR-specific three-
dimensional calculated stability map using the TRACG code.  TRACG is a two-fluid code
capable of one-dimensional and three-dimensional thermal-hydraulic representation along with
three-dimensional neutronic representation.  A two-fluid model coupled with a three-dimensional
kinetics model is necessary to perform time domain BWR stability analyses (Reference 28).

The key phenomena identified in the ESBWR stability PIRT can be simulated with the TRACG
code.  Since TRACG is capable of directly calculating the limiting event, regional decay ratio,
ESBWR stability criteria will be based on calculated results rather than the “dog-bite”
approximation, which was based on operating reactor experience.  The staff agrees with this
approach, with the provisions summarized in the enclosed TER, which are reiterated in the
conditions and conclusions of this SE, Sections 4 and 5.

Specifically, the criteria are based on:

• limiting channel decay ratio <0.8,
• core decay ratio <0.8, and
• regional decay ratio <0.8, 
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which take into account an uncertainty of 0.2 in the calculated decay ratio.

The evaluations will be made at 95-percent probability and 95-percent confidence.  The values
are acceptable if they are within the 0.8 maximum acceptance criterion.  Additionally, GE has
established a design goal of maintaining the mean, or nominal, values of each decay ratio less
than 0.4 for the ESBWR design.

GE is consistent with this step in the CSAU approach.

The staff finds each step in Element 1 to be consistent with the CSAU approach and
therefore acceptable.

Element 2 - Assessment and Ranging of Parameters

3.7 Step 7 - Establish Assessment Matrix

The capability of TRACG to predict the important thermal-hydraulic phenomena for natural
circulation and flow instabilities has been assessed through comparisons with separate effects
tests, integral systems tests, and full-scale plant data.  These assessments include tests
performed in the FRIGG, CRIEPI, SIRIUS, and PANDA facilities, along with Dodewaard (natural
circulation startup), Ontario Hydro, and the Peach Bottom Unit 2 (stability) data.

The tests performed at the SIRIUS facility at the Central Research Institute of the Electric Power
Industry (CRIEPI) in Japan are of interest in assessing TRACG for instabilities, particularly for
loop oscillations that may occur in low-pressure startup conditions.

SIRIUS tests were performed in a facility consisting of a heated core simulator a little more than
half the height of the ESBWR core with a chimney that is half the height of the ESBWR
chimney.  Tests were performed at both low and high system pressure.  The tests were
designed to simulate thermal-hydraulic instabilities in natural circulation BWRs.  Data from the
CRIEPI low-pressure oscillation tests address the highly ranked PIRT phenomena for the
ESBWR.  Further description of the facility is found in References 25 and 26.  The ability of
TRACG to represent the test facility and predict the results is within reasonable uncertainty
limits.  A discussion of the code biases and standard deviations is found in the enclosed TER.

The TER discusses the concern that the period of oscillations in the SIRIUS facility is almost a
factor of 10 larger than that anticipated in the ESBWR.  This time-scaling difference is not
significant since the test is used strictly to assess the ability of TRACG to predict the density
wave propagation and not the response of the ESBWR design.  The staff agrees with this point.

Assessment of TRACG for natural circulation startup was performed by comparison with the
February 1992 startup of the Dodewaard natural circulation BWR.  Dodewaard was a
commercially operated natural circulation BWR, built in the Netherlands, that operated from
1969 to 1997.  Comparisons with the 1992 startup indicate good agreement between TRACG
and the plant data.  A full description of the startup and data comparisons can be found in
Reference 26.  TRACG predictions of the Dodewaard startup demonstrate the ability of the code
to perform startup trajectory calculations for natural circulation BWRs.
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In addition, comparisons were made between TRACG predictions and the Peach Bottom Unit 2
stability tests conducted in 1977.  The Peach Bottom tests are of interest not only for
demonstrating the ability of TRACG to model density wave phenomena; the Peach Bottom tests
also provided a reasonable database for tests conducted at low decay ratios representative of
those anticipated for ESBWR.  The standard deviation of the TRACG error is less than that
proposed by GE for TRACG stability analysis (0.2).  Further discussion of the comparison
between TRACG and the Peach Bottom Unit 2 stability test can be found in the enclosed TER.

Full discussion of the assessment program is found in the enclosed TER.

GE is consistent with this step in the CSAU approach.

3.8 Step 8 - NPP Nodalization Definition

A fine axial nodalization is used in the core entrance to attempt to maintain a constant Courant
number and to provide more detailed modeling of the lower void regions of the core in which
void oscillations have the greatest impact on stability.  The staff finds the approach described in
Reference 13 acceptable first, to determine the error resulting from the numerical damping due
to discrete nodalization, and, second, to specify a nodalization scheme that will result in errors
in decay ratio from numerical damping not to exceed 10 percent.

As stated before, the time domain methodology is often more computationally expensive and
less direct in terms of determining the system decay ratio than a frequency domain approach. 
The three-dimensional kinetics model in TRACG, as well as the ability to model many channel
groups, does, however, offer significant benefits—namely the capability to model regional mode
oscillations.  Yet it is worth noting that the frequency domain codes such as ODYSY predict
exact solutions whereas time domain codes are limited by numerical errors created by imperfect
spatial and temporal resolution (i.e., noding, timestepping).  In order to apply the TRACG
methodology, therefore, procedural controls on the calculation must be imposed to prevent
numerical diffusion of the calculated transient response.  These controls are manifested both in
procedures for nodalizing the model components and in internal calculational controls in terms
of the Courant number.  

The channel grouping and nodalization is of key importance as it will impact not only neutronic
feedback in the core, but also the determination of the relative magnitudes of the single-phase
and two-phase pressure drops through various regions of the core, namely by producing an
uncertainty in the location of the boiling boundary.  The axial nodalization was investigated by
GE and, in doing so, GE developed a methodology for evaluating the impact of finite
nodalization on the uncertainty in the predicted decay ratio.  

As for radial nodalization (or channel grouping), the staff has found that grouping based on
power is an appropriate method for several reasons.  First, the neutron kinetics equations,
regardless of the thermal-hydraulic noding, are solved based on 6-inch-square nodes in the
core region.  Six inches corresponds to roughly one mean free path for a fast neutron.  The
nodes, however, share thermal-hydraulic conditions based on the associated channel grouping. 
As the nodes are grouped by power, the shared thermal-hydraulic conditions will be very similar
among these nodes, allowing for an acceptable determination of the neutronic feedback. 
Additionally, this procedure allows for finer radial nodalization for higher order neutronic
harmonic modes, which is critical in determining the channel grouping for regional mode 
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oscillations.  Radial nodalization involves collapsing the fuel bundles into approximately 
[[    ]] thermal-hydraulic channels.  

The channel grouping depends on the type of calculation being performed.  For core-wide
stability analysis, the channel grouping described in Figure 5.2-4 of Reference 1 was examined
by GE.  The staff has determined that the process described in Section 8.1.2.2 for determining
adequate channel grouping ensures that the following spatial variations are modeled adequately
for stability analyses:

• Inlet orificing
• Radial power
• Higher order flux harmonics
• Hot channels
• Geometry effects (i.e., super bundles)

The proposed axial and radial nodalizations have been used in the past for TRACG calculations
of operating reactor stability and have been found to be adequate for these calculations.

For regional stability analyses, a different channel grouping is required to capture the character
of higher flux harmonics.  The channel grouping for regional decay ratio calculations is based on
the magnitude of [[
                 ]]  The channel grouping is depicted in Figure 8.1-18 in Reference 1.  There are two
important characteristics of an adequate regional channel grouping: 

• [[

                                                          ]]  

The staff has reviewed this procedure and determined that it is adequate for modeling regional
oscillations.

Artificial numerical damping also arises due to finite spatial and temporal differencing.  This
damping is minimized by using an explicit first-order finite differencing method and maintaining
the Courant number near one.  The Courant number is the ratio of the product of the time step
and velocity to the node size (ΔtV/ΔZ).  When performing analyses with finite differencing in
space and time, there are additional terms in the Taylor expansion that are multiplied by the
difference between the Courant number and one.  When the Courant number is exactly one,
these additional terms go to zero and the wave is propagated without dissipation.  The damping
is more pronounced when using the implicit first-order finite differencing method 
(Reference 31). The TRACG methodology described in Reference 1 uses explicit time
integration and a Courant multiplier of one for this exact purpose.

The Courant multiplier is used for time step control during TRACG calculations.  The time step
in the calculation is allowed to vary between maximum and minimum step sizes specified by the
user.  Within those boundaries, however, TRACG enforces certain limits to determine the
maximum allowable time step within the user defined band.  The Courant limit is controlled by 
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the Courant multiplier.  In essence the time step is constrained such that the Courant number
will not exceed the Courant multiplier, but will increase until meeting this limit if the other criteria
are met (namely the outer iteration convergence criterion and the rate-change criterion).  If a
steady-state solution is converged before applying a perturbation, and if the perturbation is
small, the time step will be controlled predominantly by the Courant limit.  Therefore, for
purposes of calculating thermal-hydraulic instability transient responses, a Courant multiplier of
one must be specified as stated in Reference 27, the TRACG User Manual.

The staff independently investigated the capability of TRACG to propagate waves without
numerical damping based purely on Courant multiplier time step control.  These studies are
included in Section 3.15.6.

GE is consistent with this step in the CSAU approach.

3.9 Step 9 - Definition of Code and Experimental Accuracy

Simulation of experiments developed from Step 7 using the NPP nodalization from Step 8
provides checks to determine code accuracy.  The differences between the code-calculated
results and the test data provide bias and deviation information.  Code scaleup capability can
also be evaluated from separate effects data, full-scale component tests data, plant test data,
and plant operating data where available.  Overall code capabilities are assessed from integral
systems test data and plant operational data.  These assessments were performed as part of
the GE qualification of the TRACG methodology documented in References 1, 2, and 3. 
Evaluation of the code accuracy is discussed in the enclosed TER.

The staff finds the scaling approach utilized by GE in applying test data to the TRACG
assessment to be acceptable (Reference 6).  Appropriate consideration has been given to the
data introduced for assessment of the TRACG code for applicability to stability analysis.

GE is consistent with this step in the CSAU approach.

3.10 Step 10 - Determination of Effect of Scale

Various physical processes may give different results as components or facilities vary in scale
from small to full size.  The effect of scale must be included in the quantification of bias and
deviation to determine the potential for scaleup effects.  The key stability parameters and
phenomena in the ESBWR do not have significantly different scales than in operating reactors. 
GE has performed full-scale tests on the channel components.

GE is consistent with this step in the CSAU approach.
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The staff finds each step in Element 2 to be consistent with the CSAU approach and
therefore acceptable.

Element 3 - Sensitivity and Uncertainty Analysis

3.11 Step 11 - Determination of the Effect of Reactor Input Parameters and State

The purpose of this step is to determine the effect that variations in the plant operating
parameters have on the uncertainty analysis.  Plant process parameters characterize the state
of operation and are controllable by the plant operators to a certain degree.  Discussion of the
applicability of TRACG to input effects such as ESBWR plant startup is found in the enclosed
TER.

The staff reviewed the list of sensitive input parameters based on a PIRT and determined that
GE has assessed the appropriate plant parameters affecting stability analyses.  GE provided a
table in Reference 1 detailing the impact of sensitive thermal-hydraulic parameter uncertainty on
predicted decay ratios.  However, information provided with respect to the sensitivity of the
TRACG code to uncertainties in input physics parameters is not complete.

The staff notes that the uncertainties in the physics parameters will be addressed in the design
certification review of the ESBWR.  The methods employed for generating cross sections for
TRACG were not considered part of the scope of the current review in which the void coefficient
is a primary factor in determining core stability.  Also, a design-specific fuel review is being
conducted as part of the ESBWR design certification review.  Physics parameters, 
cross-sections, and critical heat flux correlations affecting void generation will be addressed as
part of the design certification.

GE is consistent with this step in the CSAU approach.

3.12 Step 12 - Performance of NPP Sensitivity Calculations

Sensitivity calculations are performed to evaluate methodology sensitivity to various operating
conditions that arise from uncertainties in the reactor state at the initiation of the transient, in
addition to sensitivity to plant configuration.  Sensitivity studies performed are discussed in the
enclosed TER.

While the full transient response is characterized by the magnitude of the initial impulse, the
decay ratio, and the frequency, the staff determined that GE’s assessment of the sensitivity of
only the decay ratio is sufficiently complete.  The frequency of the oscillation is driven by the
void transit time through the channel from the initiation of two-phase flow (boiling boundary) to
the bottom of the chimney region.  This transit time is based, therefore, solely on the 
thermal-hydraulic condition of the core shortly after the initiation of the perturbation.  The staff
previously reviewed TRACG for this purpose as documented in References 5 and 6, and
determined that the code is suited to this purpose.

The magnitude of the impulse is determined by the magnitude of the perturbation imposed. 
GE has separately addressed the sensitivity of the transient response to the perturbation size in
Section 8.1 of Reference 1.  The staff agrees with the approach presented.
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GE is consistent with this step in the CSAU approach.

3.13 Step 13 - Determination of Combined Bias and Uncertainty

The first few steps in the CSAU methodology identify and rank the physical phenomena
important to judging the performance of the safety systems and margins in the design.  The
phenomena are compared to the modeling capability of the code to assess whether the code
has the necessary models to simulate the phenomena.  Most important, the range of the
identified phenomena covered in experiments or test data is compared to the corresponding
range of the intended application to assure that the code has been qualified for the highly
ranked phenomena over the appropriate range.  The result is then provided in a PIRT.  The staff
has reviewed the PIRT provided and finds it acceptable and consistent with the staff’s
experience in judging the important phenomena associated with stability.

Discussion of model biases and uncertainties along with their application is found in the
enclosed TER.

The discussion of the uncertainty analysis approach presented in Reference 7 envisioned the
use of response surfaces for quantifying uncertainty.  The staff recognizes that there are other
valid and acceptable means by which the uncertainty can be assessed.  Other means include
that developed following the work by Wilks (References 10 and 11), referred to as order
statistics, and a related method referred to as normal distribution upper one-sided limit.  Each
has advantages and disadvantages.

Order Statistics:

The Monte Carlo method is used to include the effects of perturbations to all important
parameters at once.  The sample size is defined to yield the desired statistical confidence.  The
statistical upper bound is determined from the most limiting perturbation (for the first-order
statistics).

The basis for order statistics comes from the work of Wilks (Reference 10), and, was further
developed by Gesellschaft für Anglagen und Reactorsicherheit (GRS) (Reference 11).  Only a
modest number of calculations are required, and the effects of interactions between
perturbations of different parameters are automatically included.  Monte Carlo trials are used to
vary all uncertain model and plant parameters randomly and simultaneously, each according to
its uncertainty and assumed probability density function (PDF).  Subsequently, a method based
on the order statistics of the output values is used to derive upper tolerance bounds (one-sided,
upper tolerance limits, OSTULs).

Monte Carlo sampling of each parameter according to its assigned PDF yields the value of that
parameter to be used for a particular trial.  Given such a trial set of input parameters, the
calculation process determines the corresponding output parameter of interest.  Therefore,
while the void coefficient might be set at a -1.5σ value, interfacial shear might be set to a value
of +2σ, each according to its own probability model.  In this manner, the effects of interaction
between all model parameters are captured in a single calculation.  Once the trials have been
completed, the desired output parameter, for example, decay ratio, is extracted from each of the
trials and the set of parameter values is then used to construct an OUSTL for that particular
parameter.
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An OSUTL is a function U = U(x1, ... ,xn) of the data xi (which will be the values of an output
parameter of interest in a set of Monte Carlo trials), defined by two numbers, 0<α, β<1, so that
the proportion of future values of the quantity of interest that will be less than U is 100α percent,
with confidence at least 100β percent; this is called an OSUTL with 100α percent content, or
probability, and 100β percent confidence level.

The order statistics method produces OSUTLs that are valid irrespective of the PDF of the data,
requiring only that they be a sample from a continuous PDF.  Given values of α and β, the
OSUTL can be defined as the largest of the data values, provided the sample size
N $log(1-β)/log α.  For 95-percent content and 95-percent confidence level, the minimum
sufficient sample size is N = 59.

If the method is implemented as described, that is, if a sample size (59) is chosen so that the
sample maximum is the upper tolerance bound sought, 95/95, then this bound has variability
that is typical of the maximum of a sample of that size, which can be substantial.  To mitigate
that variability, one can choose a suitably larger sample size so that the bound sought, 95/95, is
given by the second or third largest sample value.  The number of sample sizes necessary to
achieve the 95/95 bound is:

Order Statistic Sample Size
Largest 59
2nd Largest 93
3rd Largest 124

Normal Distribution One-Sided Upper Tolerance Limit:

[[
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                                                                               ]]

The following table illustrates the advantages and disadvantages of these statistical methods.

Comparison of Statistical Approaches

Statistical Method Advantages Disadvantages

Order Statistics The number of random trials is
independent of input parameters
considered.

The method requires no assumption
about the PDF of the output
parameter.

It is not necessary to perform
separate calculations to determine
the sensitivity of the response to
individual input parameters.

It is not necessary to make
assumptions about the effect on the
output of interactions of input
parameters.

Results can be very conservative for
a small number of trials, and
consistent results may require a
larger set of trials.

ND-OUSTL [[

                                       ]]

[[                                                         
                                                           
                              ]]

As noted above, the staff recognizes that there are various means by which uncertainty in a
code calculation can be obtained.  While the staff has referred to the response surface
approach in References 7 and 9, there are advantages in use of other methods such as normal
distribution one-sided upper tolerance limit.  Most notably, the methodology can require
significantly reduced calculation cases, thus reducing the cost of performing an analysis.  But, 
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there are significant restrictions, such as demonstration of normality of the resulting probability
distribution function.  There is no one single correct method of determining uncertainty.  Each of
these methods has been reviewed carefully by the staff in recent years in various submittals.

GE is consistent with this step in the CSAU approach.

3.14 Analysis Methodology

3.14.1 Normal Operation Stability

While several calculations are done to evaluate the stability of the ESBWR using TRACG during
normal operation, the general procedure and stability criterion are essentially the same for each
calculation.  TRACG is used to calculate a steady-state condition for various operational
parameters.  From the steady-state, a transient is induced by perturbing the core conditions. 
The transient response is predicted by TRACG.

The transient response is used to determine the decay ratio.  The transient response of interest
is either the power or the flow rate.  In response to a perturbation, the parameter of interest will
oscillate about its steady-state value.  The decay ratio is the ratio of the [[                                     
                                                                                                                    ]]  If the ratio is less
than unity, the system is said to be stable, since over time the system will return to its steady-
state condition.

To account for uncertainties, GE has identified an acceptance criterion of 0.8 for the decay ratio
for the three analyzed modes of instability:  channel, regional, and core-wide. 

3.14.2 Anticipated Operational Occurrence Stability

Reference 1 contains an example analysis of ESBWR stability margin following two AOOs. 
The first is the loss of feedwater heating (LOFWH) and the second is a loss of feedwater
(LOFW) flow.  The staff has previously reviewed TRACG for calculating transient response to
AOOs in operating BWRs and has found that code acceptable for this purpose (Reference 4). 
Under transient conditions, stability margin is analyzed once a steady-state is achieved.

The staff recognizes that these two AOOs lead to more limiting power- flow conditions, and
consequently lower stability margin than the steady-state condition.  However, the staff notes
that this analysis remains essentially unchanged compared to that used for the steady-state. 
Therefore, the information provided illustrates the applicability of the prescribed methodology to
analyze core conditions other than nominal full-power operation.

The staff has reviewed the information contained in Section 8.4 of Reference 1 and found that
the TRACG stability methodology is not suitable for evaluating stability margin during the
transients listed, but rather once a steady-state condition has been achieved.

This is a limitation inherent in the methodology.  TRACG is used to calculate the decay ratio by
perturbing a pressure or flow parameter of the system.  The oscillatory response predicted by
the code is used to infer the decay ratio.  If the system is already experiencing a transient, it is 
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impossible to ascertain a decay ratio, as the transient response is driven by both any applied
perturbation and the natural system response to its current transient condition.

The LOFW flow and LOFWH are limiting AOOs in that each result in core conditions that are
more susceptible to instability than the normal operating condition.  The LOFWH AOO leads to
a high thermal power condition (the scram point is at 115 percent of rated power); therefore an
analysis of the stability margin is performed by predicting a steady-state condition following a
LOFWH that results in a core condition of 116 percent of rated power.  From this steady-state
condition, a set of perturbations were used to calculate a series of decay ratios in order to
assess the likelihood of an instability event.

The LOFW flow leads to a reduced flow condition relative to the normal operating condition. 
TRACG was used to artificially force a steady-state condition with the downcomer level slightly
above the scram set point.  This was meant to simulate the lowest flow condition that could
result from this AOO.  From the calculated steady-state condition, a series of perturbations were
performed to assess the core stability.

The margin to instability is reduced for high-power and low-flow conditions.  These two AOOs in
particular are limiting for this reason.  As GE has forced a steady-state condition at the most
limiting scenario (in terms of power and flow conditions), the decay ratio methodology is valid
and the results are bounding.

The staff agrees with GE’s methodology and finds that the approach is valid for predicting the
likelihood of a core instability during an AOO.

3.14.3 Anticipated Transients Without Scram Stability

GE has not provided any information on anticipated transients without scram (ATWS).  Stability
during ATWS was not considered as part of this review.  Approval of the TRACG code for
stability analysis during startup and normal operation does not imply acceptance of TRACG for
ATWS stability analysis.

3.14.4 Plant Startup Stability

Table 2.3-3 in Reference 17 lists phenomena important for modeling the startup transient. 
These are not all included in the PIRT, Table 3.1-1 in Reference 1.  Exclusion of some important
phenomena related to the startup transient from the stability PIRT is acceptable to the staff
because the staff believes that the code has the necessary models to simulate ESBWR startup
and that there is appropriate qualification and assessment of TRACG for this purpose.  The staff
has also reviewed Sections 9.0-9.3 of Reference 1 as well as the information provided in
Reference 16 and determined that TRACG is capable of predicting a startup trajectory for the
ESBWR with neutronic feedback.    

While TRACG can predict the transient behavior of the reactor, it is not possible using the
prescribed methodology to predict the margin to instability during a reactor transient.  The
methodology is inherently limited to predicting decay ratios by perturbing a steady-state
condition.  The staff’s approval of TRACG for modeling startup transients is not applicable for
predicting safety parameters such as decay ratio or CPR margin. 
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The staff recommends that to demonstrate compliance with GDC 12, the stability margin during
startup be evaluated by calculating the heatup rate at which large power oscillations are
observed during startup.  The margin to instability can thereby be defined as the difference
between the power at the nominal heatup rate (~30 oC/hr) and the power at the heatup rate at
which large power oscillations are observed.

Detailed startup procedures will be developed by GE at a later time.  A projected ESBWR
startup procedure would progress as follows:

• The control rods are fully inserted.  There are 269 control rods arranged in assemblies, and
the assemblies are divided into 10 groups.

• Deaeration begins by drawing a vacuum on the main condenser/vessel using mechanical
pumps with the steam drain lines open.  The steam dome pressure is held at 52 kPa
throughout the deaeration process.

• The coolant is heated to about 82 oC using reactor decay heat and the reactor water
cleanup/shutdown cooling (RWCU/SDC) system.

• The startup period begins when the main steam isolation valves (MSIVs) are closed.  At this
point, control rod groups 1, 2, and 3 are withdrawn in 720 seconds.  Group 4 is withdrawn
next, with the power remaining at ~20 MW of decay heat until 1500 seconds.  At this point
the reactor becomes critical and further heats the coolant.  The reactor power reaches
120 MW, but after that the control rods are used to maintain power at or above 85 MW.

• The coolant in the vessel is subcooled throughout the core, chimney, and separators.  An
essentially single-phase natural circulation loop is established.

• The reactor heatup is limited to 55 oC/hr, but the coolant at the top of the separators
eventually becomes saturated and surface boiling occurs.  The surface boiling pressurizes
the system.  The reactor power is kept at 85 MW.

• Throughout the startup period the RWCU/SDC heat exchangers are used to control the flow
in the downcomer.  The systems are also used to enhance the coolant flow and reduce
lower plenum stratification.

• Once the reactor is pressurized to 6.3 MPa and 279 oC, the MSIVs are opened and the
feedwater control system is activated.  The turbine bypass valves are used to further
regulate the system pressure.  The reactor power is increased in steps to 210 MW.

• Once these conditions have been met, the reactor begins its power ascension phase. 

Prior to the ascension to full-power stage of startup, the steam flow is either entirely drained or
entirely bypassed and there are no flow paths that would allow for balance-of-plant (BOP)
feedwater heating feedback phenomena.  Therefore, the proposed methodology is acceptable
during the stages of startup described in Reference 1.  The reactor at the nominal heatup rate
reaches the ascension to full-power phase approximately 8 hours after the beginning of the
procedure.
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The current approach for performing stability analyses does not include a BOP model.  The
feedback from steam flow into the feedwater system would be required to perform best estimate
analyses of the transient response to an actual oscillation over long time periods.  
Experience modeling the LaSalle instability event showed greater agreement between TRACG
and plant data once this feedback mechanism was included (Reference 28).

However, the time scale for the feedwater oscillations in the LaSalle event is on the order of 30
seconds (Reference 28), whereas the decay ratios predicted by TRACG are based on
perturbations that essentially damp within a few seconds.  The event at LaSalle was in part due
to a sticking controller, therefore further reducing the validity of this comparison.  For the
purposes of determining decay ratios, including the slower feedback from the BOP will not have
a significant effect.

In general, however, to perform a best-estimate analysis of a transient response during an
instability event, the feedback that occurs via the BOP will have an impact on the core inlet
subcooling.  The inlet subcooling will affect the boiling boundary and in turn have a significant
impact on the evolution of the transient over longer time periods.  The current methodology is
only approved to calculate the decay ratio based on rapidly terminating transient responses to
artificial perturbations (core, channel, or regional) or to predict the onset of unstable behavior
during the startup of the plant before the turbine control valves are opened.

Furthermore, the assumption of a constant xenon concentration is a valid assumption during
decay ratio calculations as those are done by predicting a relatively rapid transient response
based on a perturbation to a steady-state condition.  Thus, the xenon concentration will not
have sufficient time to change appreciably over the course of the predicted transient.

For startup stability calculations, the duration of the xenon transient condition is significantly
longer (~8 hours to reach the ascension to full-power phase).  Given that the transient duration
prior to the ascension to full-power phase is on the same order as the half life of the xenon
precursor, sufficient xenon concentration does not develop during the startup of the plant to
have a significant impact on the neutronic behavior of the core during this time.  Therefore, the
constant xenon assumption is valid for the purposes of predicting the power margin to instability
using TRACG for startup up to the ascension to full-power phase.

The ascension to full-power phase of startup was not within the scope of the review because
GE has included no information in Reference 1 concerning this transient.  During this transient,
xenon concentration is increasing and has a more pronounced effect on the power distribution
in the core.  While a xenon transient evolves over a much longer time period than
thermal-hydraulic instabilities, such as void production, its impact on neutronic parameters and
core power distribution should be included in an analysis of this phase of startup.

The staff is aware that PANACEA has an option for predicting transient xenon and that this
option can be invoked for a startup calculation.  The staff expects this to be done for the initial
startup of the ESBWR to properly predict the margins during the ascension to full-power phase
of startup.  The startup transient will be the subject of a subsequent review by the staff during
design certification.
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3.14.5 Xenon Transients

The staff has reviewed the TRACG model description (Reference 2) and has determined that
the code is not acceptable for the analysis of xenon-induced transients as the xenon and fission
product concentrations in the fuel are held constant.

Xenon transients typically evolve over several hours due to the relatively slow production
mechanism, β decay from 135I, which has a half life of 6.72 hours.  Therefore, for the purposes of
calculating decay ratios based on a steady-state condition, this assumption will not have any
significant impact on the results of the calculations.

While the methodology under review is limited to density wave oscillations, the staff notes that
the strong negative void reactivity feedback, as is the case in operating BWRs, is sufficient to
damp xenon-induced neutronic oscillations.  The review of xenon-induced oscillations is not
within the scope of the current review of the TRACG methodology to assess density wave
oscillations.  However, the staff has determined that the xenon distribution in the core has an
impact on the power distribution in the core.  The power distribution in turn will have an impact
on the boiling boundary within channels in the core and, therefore, have an effect on the
thermal-hydraulic stability.  Therefore, best-estimate analyses of thermal-hydraulic instabilities
should account for the presence of xenon, particularly for transient analyses of long
duration—such as the ascension to full-power phase of startup or restart transients where there
is appreciable xenon in the core.

In terms of anticipated transients, such as LOFW flow and LOFWH, the transients approach a
steady-state condition shortly after initiation.  Therefore, a constant xenon concentration is valid
in predicting the trajectory following these initiating events using TRACG.  

Lastly, while the startup transient occurs over a much longer duration than AOOs, the staff
recognizes that the initial core configuration is essentially xenon-free and there is not sufficient
time between the beginning and the ascension to full-power phase at the nominal heatup rate to
allow for significant xenon buildup.  Therefore, TRACG is suitable for predicting the ESBWR
startup trajectory until the ascension to full-power phase at the nominal heatup rate as well as at
higher heatup rates.

The staff finds each step in Element 3 to be consistent with the CSAU approach and
therefore acceptable.

3.15 Staff Independent Calculations

3.15.1 Channel Stability

The staff has reviewed GE’s procedure for calculating the single-channel stability margin during
normal operation.  The staff has found that the procedure described in Section 8.1.1 of
Reference 1 is acceptable for calculating the channel decay ratio.  

It is important to note for channel stability analyses that two conditions must be set in the model. 
First, the power must be fixed.  Transient power calculations will lead to shifting power 
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from the channel during the transient and contribute to damping of the oscillation.  Second, the
explicit numerical integration method option should be activated for the channel being analyzed.

The channel decay ratio calculation serves as a means to evaluate if a fluctuation in the boiling
boundary will have a lasting effect on the pressure drop above the boundary, such that lagging
two-phase pressure oscillations arising from initial changes in the boiling boundary do not result
in a perpetually oscillating boiling boundary.

While the above conditions are stated in Reference 1, Section 8.1.1, the staff notes that
Reference 1 does not provide a complete description of the process for selecting the limiting
channel for stability analysis.  The limiting channel is selected by first calculating the
steady-state condition using the whole core model.  The hot superbundle is identified based on
steam flow through the associated chimney.  The limiting channel is the single channel within
the hot superbundle with the highest radial peaking factor and the most downward-shifted axial
power shape.  Both criteria must be specified as it is likely that any given superbundle will have
a relatively flat radial power profile.

Figure 1 of this SE shows the transient response of inlet mass flow rate to an instantaneous
velocity perturbation for four channels in the core.  Each channel represents a single channel. 
Three of the four channels exhibit very similar transient responses to an inlet velocity
perturbation.

The channel designated 142 has a higher decay ratio than the other three channels.  The higher
decay ratio is driven by the high power and bottom-shifted axial power shape in this channel. 
This combination leads to more vapor generation towards the bottom of the core and,
subsequently, the ratio of the single-phase pressure drop to the two-phase pressure drop is
reduced.  Figure 2 of this SE shows the difference in axial power shape between the four
channels analyzed.  The figure shows that channel 142 has a significantly downward-shifted
power shape compared with the other channels, while the other four channels have
substantially similar axial power shapes.

High-power assemblies with downward-biased axial power shapes have boiling boundaries
nearest to the bottom of active fuel.  With a small boiling boundary, the flow within the channel
is predominantly two phase; therefore, the pressure drop within the channel is predominantly
driven by the two-phase flow.  The channel stability improves as the ratio of the single-phase to
two-phase pressure drop increases; therefore, the more downward-biased the axial power
shape for a given channel at the same power level, the more susceptible that channel will be to
thermal-hydraulic instabilities arising from flow/pressure drop feedback.

A limiting channel stability analysis should first identify the hot superbundle.  If the radial
peaking factor is similar for all of the channels in the superbundle, the channel stability should 
be evaluated using the assembly in the hot superbundle with the limiting (i.e., most
downward-biased) axial power shape.  This selection criterion is not explicitly stated in
Reference 1.



  
-22-

 

3.15.2 Superbundle and Loop Stability

Superbundle stability was analyzed by the staff using a TRACG model provided by GE.  The
staff calculated the superbundle decay ratio at end of cycle (EOC) using the following
procedure:

• [[                                

                                                                                                                     ]]

Figure 3 of this SE shows the transient response of a single superbundle to an inlet flow
perturbation.  The figure also shows the individual responses for the single channel and the
15-channel grouping that represents the remainder of the superbundle.  The close agreement
between the single-channel transient response illustrated and that calculated for the channel
decay ratio confirmatory calculation illustrates two phenomena:

• The superbundle decay ratio will also be less than the hot channel decay ratio, as summing
the transient response over multiple channels will effectively mask the response in the
limiting channel because the other channels in the superbundle may not have a limiting
radial peaking factor or power shape.

• The chimney does not have a significant impact on density wave instability.  This is due to
thermal-hydraulic communication that occurs above the channel components and due to the
low-pressure drop in the chimney region.

In much the same manner as the channel stability calculation for the decay ratio, the purpose of
the superbundle analysis is to determine the likelihood of thermal-hydraulic density wave
instabilities as a result of the flow/pressure drop feedback.  However, when taking the entire
superbundle as a single unit, the importance of the associated chimney can also be evaluated. 
Additional consideration of the superbundle is warranted, as the chimney is a unique design
feature of the ESBWR relative to operating BWRs. 

The important feedback mechanism for this type of analysis is the relationship between the
instantaneous boiling boundary and the lagging impact on the two-phase pressure drop for a
fixed channel power and distribution.  The total two-phase pressure drop consists of several
individual components, the acceleration, friction, contraction, and buoyancy terms in the
channels themselves, as well as the acceleration, friction, contraction, and buoyancy in the
chimney.
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For density wave oscillations, the pressure drop across the superbundle and associated
chimney remains constant.  Therefore, perturbations to the pressure drop in the single-phase
region at the core inlet are exactly balanced by the pressure drop in the two-phase region above
the boiling boundary as well as the pressure perturbation in the associated chimney.

During normal operation the chimney will reach a steady-state temperature and therefore will
not contribute significantly in terms of heat transfer between the structure and the coolant even
under oscillatory conditions such as those being considered as part of this methodology.  The
chimney can be assumed to be adiabatic.  Similarly, the very large flow area in the chimney
compared with the core region leads to a small friction pressure drop.  As the pressure change
from gravity at normal operation is ~12 kPa, compared with a system pressure of ~7000 kPa,
there will be little change in the void content from reduced saturation pressure in this region,
and the acceleration term can be neglected as well.  Therefore, the predominant contributor to
the pressure drop, and to the perturbation in this pressure drop for density wave oscillations, is
the buoyancy component.

The fuel support structure and inlet orifice on average contribute ~60 kPa pressure drop during
normal operation of the ESBWR, combined with a pressure drop in the core region of ~70 kPa
(Reference 29).  Approximate values are noted for the purpose of conceptually illustrating the
impact of the chimney.  Therefore, the pressure drop from the chimney contributes ~10 percent
of the pressure drop between the flow inlet into the core region and the top of the chimney
region.

The purpose of the chimney is to have a very low-pressure drop to allow for a significant gravity
head in the downcomer, based on the large density difference between the liquid water in the
annulus and the high-void two-phase mixture in the chimney.

As the pressure drop in the chimney is already small compared to the total pressure drop,
changes in the void fraction within the chimney do not play a significant role in the density wave
flow/feedback effects in the core.  The pressure drop perturbation at the core inlet (side entry
orifice of the fuel assemblies in the superbundle) will likely be balanced by an out-of-phase
two-phase pressure perturbation above the boiling boundary, where friction losses at the fuel
spacers and fuel assembly outlet are likely to be much larger than changes in the overall
chimney pressure drop.

The feedback of the pressure perturbation in the chimney on the void and boiling boundary
within the core is minimal for the following reasons:  

• The void fraction in the chimney is already very large (80 percent or higher on average);
therefore small changes in the void fraction result in small fractional changes in the
bouyancy pressure drop term in the chimney.  A large core flow variation is required to
produce only a modest perturbation in the void fraction at the core outlet.  Calculations 

• performed with LAPUR on an average ESBWR super bundle indicate that a flow
perturbation as great as 10 percent would only produce a 2 percent perturbation in the void
fraction at the core outlet.  This discrepancy would be even greater for the high-power
assemblies, where the outlet void fraction is even higher.  
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• The pressure drop itself is already very small; therefore, a small fractional change in the
total pressure drop in the chimney results in a significantly smaller fractional change in the
total pressure drop through the super bundle and associated chimney.  Therefore, it would
require a significant change in void fraction within the chimney to produce a pressure drop
perturbation to compensate for the pressure perturbation at the core inlet.  When compared
with the pressure drop due to friction in the core around spacers, it is much more likely that
a direct feedback between core flow and local friction pressure drops in the core would
produce the compensating pressure perturbation to maintain the pressure drop across the
superbundle and chimney cell for a density wave oscillation.

• There is thermal-hydraulic communication between channels in the superbundle at the
chimney inlet; therefore low-power channels, which tend to be more stable, contribute to the
total flow through the chimney, and thereby damp any oscillations in the inlet flow arising
from oscillations in higher power assemblies in that superbundle.  Each assembly has a
slightly different power and, therefore, a slightly different wave propagation time from the
boiling boundary to the chimney inlet.  Therefore, it is unlikely for the chimney to be exactly
in phase with each of the assemblies in the associated superbundle.  This effect is small
based on the relatively flat radial power shape, but may lead to minor pressure perturbations
at the assembly outlet due to thermal-hydraulic communication based on slightly different
natural frequencies for each channel, particularly if axial power shapes for the channels are
different based on burnable poison loadings or depletion.  

• The chimney is much taller than the core with a lower fluid velocity; therefore, a density
wave with a frequency driven by core flow may have several peaks and troughs axially
through the chimney at any given instant, resulting in a change in the integrated pressure
perturbation buoyancy term that is much smaller than the local perturbation.  As there is no
neutronic feedback in the chimney, the feedback mechanism is driven by the integrated
pressure drop perturbation and not the local variation in void. 

While it is clear that the small pressure drop in the chimney at high-void fractions has a small
influence on the oscillatory behavior for density wave instability, one must consider a feedback
mechanism arising from density changes that may increase or decrease the relative driving
density head, and thus influence the total flow.  This mechanism is referred to as loop
oscillation.  The perturbation in the driving head will have an impact on the boiling boundary and
influence the propagation of voids in the core region.  This perturbation may lead to a sustained
out-of-phase perturbation in the driving head.  

While loop oscillations are considered in the startup calculation at low pressures for the
ESBWR, the staff does not consider the loop oscillation mechanism for potential instabilities to
be a concern for the ESBWR at power.  While TRACG has the capability to track void transport,
neutron kinetic behavior, and pressure drop feedback dynamically, the fact that demonstration
calculations do not show loop oscillatory behavior is consistent with the physical phenomena 
present for the ESBWR during normal operation.  Section 3 of Reference 25 describes several
comparisons of TRACG models of the SIRIUS facility and experimental data, thus illustrating
that TRACG is capable of predicting loop oscillations for electrically heated channels.

For a critical reactor at the 100 percent rod line, a perturbation in the core flow would result in a
corresponding perturbation in core power and void production.  The strong void reactivity
feedback, which is a key factor in density wave instabilities, drives the reactor to a constant 
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average void fraction.  Therefore, while loop oscillations can occur prior to achieving criticality at
high pressure and power, the strong neutronic feedback provides a significant damping to loop
oscillations at power by preventing a sustained negative perturbation in core outlet void.  A
strong negative perturbation in the core outlet void is necessary to develop a perturbation in the
chimney buoyancy pressure drop of sufficient magnitude and duration to provide a feedback in
core flow at the same frequency of the loop.  Given the neutronic condition of the core, loop
oscillations for the ESBWR are unlikely, and TRACG predictions of core-wide oscillations are
consistent with the staff’s understanding of the physical interrelationships between the
neutronics and pressure drop feedback mechanisms present in the ESBWR.

Overall the staff has determined that the relevant phenomena for both density wave and loop
oscillations are modeled in TRACG consistent with the staff’s understanding of the physical
phenomena that would occur in the chimney and the chimney’s impact on channel and
core stability.

Perturbations in chimney void profile have an insignificant effect on core stability.  First, the
mechanisms by which they may influence core boiling boundary, total pressure drop, and
reactivity are entirely dwarfed by phenomena occurring in the core region itself for density wave
oscillations; and second, the feedback mechanisms are related to the integrated void profile
throughout the region; thus oscillations in local void over time tend to cancel themselves out in
the chimney region.

Furthermore, as the importance of the chimney in regard to steady-state analysis, as well as
stability analysis, is driven predominantly by the integrated profile; the importance of fine
nodalization for the purpose of spatial resolution in the void profile is relatively small.  A nodal
resolution sufficient to avoid numerical instabilities arising from breaching the Courant limit is
required.

This general conclusion is evidenced by the close correlation between void propagation time
from the boiling boundary to the top of the core and the oscillation frequency, as well as by
results of calculations with variations in the chimney friction factor and nodalization.  

Independent calculations performed with LAPUR with various chimney friction factors, as
discussed briefly in Section 3.15.4 as well as in the enclosed TER (as accepted by the staff),
confirm that at very large friction factors, the pressure drop in the chimney begins to become
significant; at this point the chimney does have a small impact on the decay ratio, further
supporting the general conclusion that the low-pressure drop in the chimney limits the
chimney’s importance to stability analysis.

Additional analyses performed by the applicant at the request of the staff have shown that the
nodalization of the chimney does not have a significant impact on the stability analysis.  In order
to maintain a constant Courant number, the chimney was modeled using 33 nodes, each
0.2 meters in height, and the numeric integration was set to explicit in this region.  The
calculation, as described in Reference 32, shows that TRACG predicts the same decay ratio for
both the detailed and standard nodalization schemes.  Additionally, GE has performed a series
of calculations with a channel/chimney simplified model.  The height of the chimney was varied
between zero and 6.6 m.  The results of these parametric analyses indicate that the chimney
height does not have a significant impact on the predicted decay ratio (Reference 32).  The
calculations performed by GE also demonstrate that the channel two-phase pressure drop 
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perturbation accounts for the vast majority of the initial single-phase pressure perturbation for
density wave oscillations.

Finally, regarding loop oscillations, the staff has determined that TRACG has sufficient
capabilities to model the phenomena as evidenced by calculations of the ESBWR startup
trajectory, as well as calculations in Reference 25.  The staff has also determined that the
absence of low-frequency loop oscillations for calculations for full power is consistent with the
neutron kinetic phenomena that occur for these conditions.

3.15.3 Core Stability

The procedure outlined in Section 8.1.2 of Reference 1 for calculating the core-wide decay ratio
was studied using a separate perturbation with the TRACG code.  The staff performed a
calculation based on an inlet flow perturbation similar to that for the channel and regional decay
ratio calculations.  The purpose of predicting the transient response to any perturbation in these
analyses is to determine the decay ratio for the reactor system.  The neutronic and flow
feedback mechanisms for any initial perturbation should result in very similar decay ratios given
that once the system is excited at any particular location in the transfer function loop, the decay
ratio is a measure of the cyclic propagation of that perturbation back through the entire
feedback loop.  As was stated before, a decay ratio of unity would represent a system whose
feedback loop self-perpetuates the excitation to the system.

The purpose of the staff calculations for core stability are meant to verify that the prescribed
procedure in Section 8.1.2 of Reference 1 does produce a characteristic response, that is, a
response whose decay ratio and frequency can be produced by applying a different perturbation
yet exciting the same feedback loop.

Using a TRACG model provided by GE, the staff calculated the core-wide decay ratio at the
EOC using the following procedure:

• [[

                                                                                                                             ]]

The transient response is depicted in Figure 4 of this SE.  The resultant decay ratio and
frequency agree with the results in Section 8.1.2 of Reference 1, in which a pressure 
perturbation was used.  Based on the results of the analysis, the staff concurs with GE’s choice
of a pressure perturbation to the turbine inlet for calculating the core-wide decay ratio.

The staff also notes that to perform any stability test for the core-wide behavior in a real system,
the physical experiment would be conducted by manipulating the pressure in the main steam
lines via turbine control and bypass valves.  This was the case for the Peach Bottom low decay
ratio experiments.  Based on the results of the independent analysis performed by the staff, the
staff has found that either a flow or pressure perturbation will affect both the void profile and
boiling boundary within the core, and hence initiate a density wave.  Following the initial
impulse, the same feedback mechanisms (namely void reactivity) are being driven by the
propagation of density waves in the active core region—thus the decay of subsequent
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oscillations is determined by the nature of the system and these interacting mechanisms
independent of the initial excitation.

The results of the staff’s independent calculations also confirm that the procedures described in
Reference 1 are sufficient in detail to reproduce the results presented by GE.

3.15.4  LAPUR Calculations

Calculations were performed (see the enclosed TER) using the LAPUR frequency domain code
(Reference 12).  As noted in the enclosed TER, the LAPUR analyses support the stability
results obtained with the TRACG code for ESBWR at nominal conditions.  LAPUR was used to
calculate decay ratios for core-wide, regional, and channel density wave instability modes.  In all
cases the decay ratios were very low, on the order of 0.1.

Further studies were performed to investigate the importance of modeling the ESBWR chimney. 
The chimney has a large effect on establishing the steady-state core flow.  The LAPUR studies
found, however, that once the steady-state core flow is established, the chimney has only a
minor impact on unstable oscillations.  Chimney friction had to be increased by a factor of 100
before a noticeable change in calculated decay ratio was observed, leading to the conclusion
that modeling the chimney does not need to be very accurate to calculate the ESBWR stability
performance.

3.15.5  Void Fraction Studies

Void fraction studies were performed (see the enclosed TER) by comparing the steady state
void fraction profiles predicted by TRACG with a stand alone drift flux program, with RELAP5,
and with TRACE.  The standalone drift flux program includes the models for the drift flux
parameters documented in Reference 2.

Overall the comparison between TRACG, RELAP5, TRACE, and the standalone drift flux model
supports the TRACG void fraction profiles.  Differences between the drift flux model and
TRACG can be attributed to the incompressible two-phase flow assumptions in the drift flux
model and the lack of virtual mass terms in the drift flux model.

3.15.6 Courant Number Studies

As described in Section 3.8 of this SE, additional terms in the Taylor series expansion
associated with the finite differencing approximations cause numerical dissipation.  When the 
Courant number is exactly one, these additional terms go to zero.  The staff created a simple
pipe model to investigate the effect of truncation errors in the TRACG solutions.  This model
was similar to that described in Appendix A of Reference 28.  The staff’s model consisted of a
vertical pipe model with 24 equal mesh cell lengths of 6 in. (15.2 cm).  The pipe was filled with
water at 500K which flows upward at 6 ft/s (1.82 m/s).  Isothermal and subcooled conditions
were maintained at a pressure of 7.0 MPa.  A sine wave perturbation was introduced to the inlet
temperature, with a 25K amplitude change and a 2-second period.  The minimum time step was
set at a very small value and the maximum was set at a relatively large value such that the
difference between the two was large and TRACG had to select a time step based on the value
of the Courant multiplier.  When the Courant multiplier was set to exactly 1.0, TRACG showed
no dissipation, as demonstrated in Figure 5 of this SE.  Figures 6 and 7 of this SE show that
when the Courant multiplier was set to a value less than 1.0, there was, as expected,
dissipation of the wave.  The explicit method was used for the calculations shown in these three
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figures.  Figure 8 of this SE shows the difference when the implicit method is used.  There is
noticeable dissipation as compared to Figure 6, which has the same Courant multiplier.  This
demonstrates that use of the explicit method option and GE’s process for nodalizing the core
and setting the Courant multiplier to 1.0 are appropriate for minimizing numerical dissipation in a
time domain code. 

4.0 CONDITIONS

NEDE-33083P, Supplement 1, “TRACG Application for ESBWR Stability Analysis,” has been
approved by the staff with the following specific conditions:

1. The decay ratio methodology is applicable only to steady-state conditions and cannot be
applied during a transient.

2. The decay ratio methodology may be applied for off-normal conditions that may occur after
an AOO, once a steady-state condition is reached at the end of the transient.  The
steady-state condition analyzed should be limiting based on the power and flow conditions
reached.

3. The channel decay ratio calculation will be performed using a limiting channel, which is
specified based on high radial peaking and downward-biased axial power.

4. The startup stability analysis methodology may only be applied for the phase of startup prior
to the ascension to full-power phase (nominally ~8 hours in duration).  

5. The ascension to full power, as with all other transient xenon conditions, will be analyzed
using the PANACEA transient xenon option and reviewed at the design certification stage.

6. The findings of the staff relate only to the acceptability of the TRACG code to perform
stability analyses of the ESBWR and do not represent a final evaluation of the design.

The staff has reviewed GE’s procedure for calculating the single-channel stability margin during
normal operation.  The staff has found that the procedure described in Section 8.1.1 of
Reference 1 is acceptable for calculating the channel decay ratio.  Therefore, a limiting channel
stability analysis should first identify the hot superbundle.  If the radial peaking factor is similar 
for all of the channels in the superbundle, the channel stability should be evaluated using the
assembly in the hot superbundle with the limiting (i.e., most downward-biased) axial power
shape.  Reference 1 should be revised to explicitly state this selection criterion.

To ensure that TRACG is applied within its qualification basis for ESBWR stability, these
calculations must follow the procedures outlined in Reference 1.  These calculations must be
reviewed to ensure that the following restrictions are satisfied:

1. The number of TRACG thermal-hydraulic regions (i.e., channel groupings) in the core must
be greater than or equal to [[    ]].  The channel groupings must capture the variations in inlet
orificing, radial power and harmomics, hot channels, and geometry effects
(i.e., superbundles of 16 bundles associated with a single chimney).  The procedures
described in Sections 8.1.2.2 and 8.1.3 are adequate for demonstrating acceptable channel
groupings.
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2. The axial nodalization in the core must follow the scheme described in Section 5.2, “Effects
of Nodalization.”

3. The calculation of the channel decay ratio must follow the procedure defined in
Section 8.1.1, “Channel Stability Results.”  The limiting channel must be identified based on
a radial power peaking factor and a downward-shifted axial power shape.

4. The calculation of the core-wide decay ratio must follow the procedure defined in
Section 8.1.2, “Core Wide Stability Results.”

5. The calculation of the regional (out-of-phase) decay ratio must follow the procedure defined
in Section 8.1.3, “Regional Stability Results.”

5.0 CONCLUSIONS

The staff concludes, based on the above discussion, that TRACG, including the application
methodology, is an acceptable evaluation model for ESBWR stability analyses as presented in
NEDC-33083P, Supplement 1, “TRACG Application for ESBWR Stability Analysis.”  The staff
therefore concludes that TRACG is acceptable for referencing during the design certification
review of the ESBWR, provided the conditions specified in this safety evaluation are met.

If NRC’s criteria or regulations change so that its conclusions about the acceptability of the
report are invalidated, GE or the applicant referencing the report, or both, will be expected to
revise and resubmit the respective documentation, or submit justification for the continued
effective applicability of the report without revision of the respective documentation.

The staff notes that the uncertainties in the physics parameters will be addressed in the design
certification review of the ESBWR.  The methods employed for generating cross sections for
TRACG were not considered part of the scope of the current review in which the void coefficient
is a primary factor in determining core stability.  Any potential changes in the uncertainties in
nuclear parameters as a result of this subsequent review should be included in decay ratio
acceptance criteria.

The staff also notes that GE will be submitting its fuel design for review by the staff as part of
design certification.  The staff expects GE to justify continued applicability of its methodology for
evaluating stability by evaluating input parameters and uncertainties related to the fuel design to
ensure that the methodology for evaluating stability is not affected.  Should there be an effect
such that conclusions about the acceptability of the stability methodology are invalidated, the
staff expects GE to revise and resubmit its respective documentation. 

The staff also notes that GE demonstrated that there were large CPR margins associated with
the conditions used for evaluating stability, and, therefore, phenomena associated with the
prediction of dryout and film boiling, cladding deformation, etc., are considered to be of low
importance in GE’s stability PIRT.  GE will be submitting its CPR correlation as part of design
certification.  At that time, the staff expects GE to reanalyze the CPR margins for this
application, and should there be significantly less margin than previously predicted, the staff
expects GE to update its PIRT accordingly. 

The staff has reviewed the information contained in Section 8.4 of Reference 1 and found that
the TRACG stability methodology is suitable for evaluating stability margin once a steady-state
condition is achieved but not during the transients listed.
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GE has not provided any information on ATWS in support of this application.  Therefore, stability
during ATWS was not considered as part of this review, and approval of the TRACG code for
stability analysis during startup and normal operation does not imply acceptance of TRACG for
ATWS stability analysis.

The staff has reviewed Sections 9.0 through 9.3 of Reference 1 as well as the information
provided in Reference 16 and determined that TRACG is capable of predicting a startup
trajectory for the ESBWR with neutronic feedback.  Therefore, the stability margin during startup
should be evaluated by calculating the heatup rate at which there is an onset of instability during
startup.

Based on the uncertainty analysis provided in Reference 1, the uncertainty of TRACG ESBWR
decay ratio calculations is less than or equal to 0.2.  Therefore, the following safety criteria are
adequate, and they guarantee compliance with GDC 12.

• Core-wide decay ratio <0.8
• Channel decay ratio <0.8
• Regional (out-of-phase) decay ratio <0.8

The proposed TRACG procedures for calculation of ESBWR stability margins are best estimate
for the expected conditions during the cycle.  The most likely mode of instability is expected to
be regional (out-of-phase).  Therefore, to ensure compliance with GDC 10, the ESBWR reactor
protection system must incorporate an approved detect and suppress function.  The review and
approval of this function will be the subject of a separate submittal.

The use of TRACG is acceptable to predict the ESBWR trajectory during the initial phases of
startup up to the ascension to full-power phase.  During this transient, a stability margin can be
determined by increasing the heatup rate until the onset of instability.  TRACG is not acceptable
for predicting the startup transient during the ascension to full-power phase as xenon is not
considered and insufficient information is provided in regard to the impact of the balance of 
plant.  The staff is aware that PANACEA has an option for predicting transient xenon and that
this option can be invoked for a startup calculation.  The staff expects this to be done for the
initial startup of the ESBWR to properly predict the margins during the ascension to full-power
phase.  The ascension to full-power phase of the startup will be the subject of a subsequent
review by the staff during design certification.

The staff concludes that the TRACG thermal-hydraulic analysis code is capable of modeling the
phenomena important to prediction of power/flow stability in the ESBWR design based on the
evidence submitted by GE and the independent evaluations conducted by the staff.

The staff has determined that void formation is of high importance in neutronic stability, making
prediction of void formation critical to the ability of a code to predict the behavior of a nuclear
reactor.  

The code has been shown to be reasonable in representation of void generation and
transmission through comparisons between the TRACG void model, the TRACE (staff thermal-
hydraulic analysis code) void model, the RELAP5 void model, and an independent drift flux
model.

The staff conducted evaluations that show that the behavior of the chimney, an inherent feature
of the ESBWR design, has a negligible impact on the neutronic stability of the reactor.  The staff
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performed independent analyses using the LAPUR frequency domain code to analyze an
ESBWR model with and without a chimney.  Essentially identical results were obtained with
both models, indicating that the chimney does not have a significant effect on the neutronic
stability of the ESBWR design.

The influence of the chimney was studied further by both GE and the staff through analyses
using the TRACG code with various nodalization schemes for the chimney.  Nodalization within
appropriate limits found no appreciable influence due to chimney representation.  The assumed
nodalization must be reasonable and within appropriate guidelines such that instabilities are
predicted or not predicted according to the phenomena affecting the design-specific stability 
and not because of numerical instabilities masquerading as neutronic instabilities.  Violations of
numerical analysis limits such as the Courant limit (limited by the node with the smallest ΔZ/V)
are known to create numerical instabilities.  In addition, the nodalization can impact the time
step size used in the code calculation, which also can affect numerical stability.  While
attempting to study the neutronic stability of a reactor design, numerical instabilities can lead to
a faulty analytical conclusion.

The staff has further evaluated the numerical scheme used for integration of the differential
equations describing the system behavior and found that the numerical solution scheme
appropriately permits oscillation to occur and damp while not causing an oscillation to occur or
damp.  Thus, the damped oscillations observed in the test cases analyzed can be reasonably
taken to be realistic representations of the response of the system being analyzed.

The dominant feature of power/flow stability analysis is that the process is a thermal-hydraulic
driven neutronic problem.  The TRACG code has adequate models to represent the thermal-
hydraulic behavior of the system shown in the present as well as previous reviews conducted by
the staff.  In addition, the code has the necessary neutronic analysis models to represent the
response of the nuclear fueled core.  Finally, the numeric solutions capability is capable of 
permitting, while not causing, oscillations to occur and to correctly account for any system
damping that may occur.

The Advisory Committee on Reactor Safeguards has reviewed the proposed use of TRACG and
the staff’s SE and recommends staff approval of TRACG for analysis of the stability of the
ESBWR during normal operation, AOOs, and the low-power phase of reactor startup by letter
dated April 21, 2006.
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TRACG Sine Wave Propagation
Courant Number 0.75
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TRACG Sine Wave Propagation
Courant Number 0.25
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TRACG Sine Wave Propagation - Implicit Method
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