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ABSTRACT

The capabilities of the computer code LAPUR have been upgraded. A new version, LAPURG
r.0, has been implemented and validated for computing friction and local losses and capabilities
for modelling bundles with variable cross areas.

The previous code (LAPURS) did not consider channels with variable areas and did not model
specifically the local pressure drops due to spacers in a bundle. The only way to take into
account local pressure losses and gains due to spacers and area changes in LAPURS was to
input a friction multiplier.

This report documents a twofold validation of the new thermal-hydraulic model implemented in
LAPURSG. First, a comparison of each component of the pressure drop for a single-channel
model using LAPURG and SIMULATE-3 was performed, the result of which showed very good
agreement. Slight discrepancies in void fractions between the two codes were found, but the
effect on total pressure drop was negligible. In addition, the LAPURG void fraction model was
tested against FRIGG-2 void fraction data. Void fractions predicted by LAPURG6 showed
deviations similar to those of other thermal-hydraulic codes when benchmarked against
FRIGG-2 experimental data.

An extensive validation comparing measured against calculated core-wide (CW) decay ratios
was also conducted. A set of Average Power Range Monitor (APRM) signals were recorded at
steady state during the final coastdowns for Cycles 16b and 17 and start-up for Cycles 17 and
18 in Cofrentes Nuclear Power Plant (NPP). A detailed simulation of these activities was
conducted with SIMULATE-3 using cycle-specific CASMO-4 cross sections and the recorded
operating data. Selected quasi-steady-state points were analyzed using noise techniques, and
decay ratio values were compared to LAPURG results. Finally, Cycle 6 Cofrentes out-of-phase
(OOP) instability was reproduced using LAPURG, and the resulting decay ratios showed
excellent agreement with the measured data.
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1. Background

LAPUR is a computer code developed at Oak Ridge National Laboratory (ORNL) for the
calculation of boiling water reactor (BWR) core stability parameters (Otaduy and March-Leuba,
(1990). It uses a multinodal description of the neutron dynamics, together with a distributed
parameter model of the core thermal hydrodynamics to produce a space-dependent
representation of the dynamics of a BWR in the frequency domain for small perturbations
around a steady-state condition. The LAPUR program consists of two autonomous modules,
LAPURX and LAPURW, which are linked by means of an intermediate storage routine. The first
module, LAPURX, solves the governing equations for the coolant and the fuel steady state.
Maps of the core steady state are generated and stored in data files for subsequent utilization
by LAPURW. The second module, LAPURW, solves the dynamic equations for the coolant, fuel,
and neutron field in the frequency domain. A set of open-loop transfer functions are generated,
and the stability index (decay ratio) is estimated from the closed-loop reactivity to power transfer
function.

The previous LAPURS release 1 code (Escriva and March-Leuba, 2000) did not consider
channels with variable areas and did not distinguish specifically local pressure drop due to
spacers in a bundle. The only way to take into account local pressure losses and gains due to
spacers and area changes was by means of a friction multiplier, which was input. Improvements
incorporated in LAPURG removed this deficiency.



2. Scope

This report documents the validation of the new thermal-hydraulic model implemented in
LAPURG r.0 (Escriva et al., 2008). The LAPURG6 upgrade incorporated new correlations for
computing friction and local losses and capabilities for modelling bundles with variable cross
areas. Additional information regarding this implementation is available in Improvements Made
in LAPURS to Obtain LAPURG.0.r.0 (Universidad Politécnica de Valencia, 2006). Validation of
these correlations is provided in this document. The friction and local models selected are
generic and do not use any proprietary information of fuel vendors.

A comparison of pressure drop components was performed for bundles with constant (TYPE A)
and variable (TYPE B) areas. LAPURG results were compared to results of the well-known
SIMULATE-3 code (Studsvik, 2007), a reactor analysis code being used by IBERDROLA and
other utilities to perform in-core fuel management studies, core design, and calculation of safety
parameters. Single-channel models for each bundle design were used. Flow and power
conditions for the bundles were selected to be representatives of hot channels covering real
conditions on a BWR/6 power flow map. A generic single-phase friction factor was selected in
order to validate exclusively the implementation of changes made to LAPURG.

Comparisons of LAPUR-calculated void fractions to FRIGG loop data for both LAPUR5 and
LAPURG were performed. Indirectly, this exercise showed that the LAPURG6 modifications did
not affect relevant variables in LAPUR calculation process. The results of these comparisons
showed that flow qualities and slip ratio are not affected by the changes in pressure drop
calculation models in LAPURG.

An extensive validation comparing measured against calculated CW decay ratios was also
conducted. A set of average power range monitor (APRM) signals was recorded in steady state
for the final coastdowns for Cycles 16b and 17 and start-up for Cycles 17 and 18 in Cofrentes
NPP. A detailed simulation of the power, flow, and control rod sequences was carried out with
SIMULATE-3 using cycle-specific CASMO-4 cross sections and the recorded operating data.
Selected quasi-steady-state points were analyzed using noise techniques, and decay ratio
values were compared with LAPURG results. Finally, Cycle 6 Cofrentes OOP instability was
reproduced using LAPURG, and the resulting LAPURG6 decay ratios showed excellent
agreement with the measured data.



3. Pressure Drop Basis

The total pressure drop for each channel is calculated as the sum of the individual pressure
drop components: friction, local (form) loss, acceleration (momentum change), and elevation.
Acceleration and elevation can be evaluated once the flow quality and void fraction have been
determined. The friction and local loss terms require input coefficients and models to account for
two-phase effects.

3.1 Friction Pressure Drop

The frictional pressure losses are correlated in terms of single-phase velocity head,

Az G?

_ 2
Ap fric — f ¢2—phase friction ~ »

D, 2 P,

where

f = the single-phase friction factor,
G = mass flux,
p, = liquid density, and
05 praseristion = the multiplier to account for the two-phase effect. The relationship selected
is the Chisholm model (FIBWR, 1981; Chisholm, 1973), which depends on
flow quality, mass flux, and viscosity.

3.2 Local Losses

The local pressure drop is defined as the irreversible pressure loss associated with an area
change, such as an orifice, tie plate, or grid spacer. The general local pressure drop equation is
similar to that for friction pressure drop.

3.2.1 Spacer or Grid Losses

Considering K to be the single-phase irreversible loss for the grid or spacer, the pressure drop
equation is

L G2
CI)oca wo—phase ® Ke
; local two—ph 5. 3
and
(Dlocaltwophase_{l'i'[&_ ].Xf (HEM mUltlp'Ier) .
Pg
where:

X , is the flow quality and

P, P, liquid and vapor densities.



3.2.2 Irreversible Losses for Expansion and Contraction

Irreversible losses for expansion have been calculated by means of the following equations:

L 2
DPEXP:Z 14| P4 o X, -KWOG—1 ,
=1 Py 2 ,
where
G1 = the upstream mass flux and
Kexp = single phase irreversible loss.
P;» P, = liquid and vapor densities.
Analogously,
L 2
DPCONZZ 1+ Pr_ .Xf .Kcon.G—1!
=1 Pg 2 ‘P
where

K.on = single phase irreversible loss
G171 = mass flux

P, P, = liquid and vapor densities.

3.3 Acceleration Pressure Losses
The acceleration pressure drop includes the reversible pressure change experienced from

contractions or expansions, or resulting from the acceleration of the fluid during the boiling
process (density change). When two phases are present,

AP 2[1622—1612},
1

T A+A| M, oM
where

IR )i

pM  pla) plll-(a)
where

(o) = void fraction

(x) =flow quality

G, = massflux upstream and down stream, respectively.
A, = area upstream and downstream, respectively



3.4 Elevation Pressure Drop
The elevation (gravitational) pressure drop is evaluated as follows:

AP

elev

=pAz ,
where
p=p,e(1=())+py e(a) .

Note the dependence of acceleration and elevation pressure drop on void fraction.



4. Generic Validation: Comparison of Pressure Drop Components
for TYPE A and TYPE B

LAPURS release 1 code does not consider channels with variable areas and does not
distinguish specifically local pressure drop due to spacers in a bundle. The only way to take into
account local pressure losses and gains due to spacers and area changes is by means of a
friction multiplier, which is input. This deficiency requires adjustment by input friction multipliers
in order to accurately account for local and variable-area pressure effects.

In this section, validation of computing friction, local losses, and variable cross area results
obtained using LAPURG is shown. The selection of basic models for implementation in LAPURG
is discussed in FIBWR: A Steady-state Core Flow Distribution Code for Boiling Water Reactors
Computer Code User’s Manual (FIBWR, 1981), RETRAN-3D-A Program for Transient and
Thermal-Hydraulic Analysis for Complex Fluid Systems (RETRAN-3D, 2006), and by Chisholm
(1973). This validation was conducted by benchmarking LAPURG results against SIMULATE-3
single-channel results. For this comparison, the default single friction factor of SIMULATE-3 was
used in both codes.

4.1 Initial Conditions

Comparison of pressure drop components will be performed for bundles with constant (TYPE A)
and variable area (TYPE B). Tables 4.1 and 4.2 show the conditions used.

Table 4.1 TYPE A boundary conditions

State Pressure | Inlet enthalpy | Active power | Active flow
point (psi) (Btu/lb) (MW) (Ib/h)

1 1058.10 522.21 6.624 84366

2 1064.50 529.06 6.629 116351

3 973.5 507.62 1.908 38413

4 1005.78 500.71 4.319 42699

5 978.16 524.76 1.909 78731

Table 4.2 TYPE B boundary conditions

State Pressure Inlet enthalpy Active power Active flow
point (psi) (Btu/lb) (MW) (Ib/h)

1 1090.75 525.63 6.643 87039

2 998.40 513.27 3.189 58830

3 1031.36 508.85 4.779 56270

4 1038.24 523.46 4,784 89859

5 1097.94 531.51 6.647 110299

The power axial profiles used in verification analyses are shown in Figs. 4.1 and 4.2.

Note that the axial power profile used when performing TYPE A pressure drop comparisons is
bottom peaked. However, the profile used in TYPE B is similar to a skewed cosine, with the
peak at medium core height. This profile leads to elevating the boundary between bulk and
subcooled boiling.
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4.2 Elevation Pressure Drop

In this section, a comparison of elevation pressure drop in LAPURX (LX) and SIMULATE-3 (S3)
is provided.

4.21 Elevation Pressure Drop for TYPE A

Comparisons of elevation pressure drop for TYPE A are shown in Figs. 4.3 10 4.7.
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4.2.2 Elevation Pressure Drop for TYPE B

Comparisons of elevation pressure drop for TYPE B are shown in Figs. 4.8 to 4.12.
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4.2.3 Conclusions of Elevation Results

LAPURX results are in good agreement with SIMULATE-3 results. However, LAPURX
systematically gives an elevation pressure drop that is slightly higher than that of SIMULATE-3.
This difference is the result of void fraction axial distribution discrepancies between both codes,
since slip velocity correlation, subcooled flow quality model, and therefore void fraction-quality
relationships are different.

The impact of total pressure drop is evident from the magnitude of its contribution. Differences
are negligible.

4.3 Expansion and Acceleration Data

In this section, a comparison of expansion and acceleration pressure drop in LAPUR and
SIMULATE-3 is provided.

4.3.1 Expansion and Acceleration Data for TYPE A

Comparisons of expansion and acceleration pressure drop for TYPE A are shown in Figs. 4.13
to 4.17.
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4.3.2 Expansion and Acceleration Data for TYPE B

Comparisons of expansion and acceleration pressure drop for TYPE B are shown in Figs. 4.18
to 4.22.
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4.3.3 Conclusions of Expansion and Acceleration Results

Again, the observed differences are related to the void fractions values obtained with the
models of SIMULATE-3 and LAPUR. As can be seen in the figures, changes in flow area along
the channel in TYPE B fuel design lead to abrupt pressure gains. The expansions are located in
channel elevations with considerable void fractions (partial length rods and changes due to
water rod diameter). For this reason, the comparison reveals higher values for SIMULATE-3 for
this pressure drop component. A contraction occurs due to a change in water rod diameter
close to lower tie plate. However, due to the low void fractions at this part of the channel, the
effect in pressure is negligible and the agreement between codes is good. On the other hand,
TYPE A is a fuel design with a constant flow area and no contraction and expansion exist along
the channel length. Pressure drop due to acceleration shows the same discrepancies as in
TYPE B due to void fraction differences in both codes.

The impact in the total pressure drop is evident from the magnitude of its contribution.
Differences are negligible.

4.4 Friction Pressure Drop

In this section, a comparison of one of the dominant contributors to the pressure drop between
LAPUR and SIMULATE-3 is provided.
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4.4.1 Friction Data for TYPE A

Comparisons of the friction component of pressure drop for TYPE A are shown in Figs. 4.23 to
4.27.
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4.4.2 Friction Data for TYPE B

Comparisons of the friction component of pressure drop for TYPE B are shown in Figs. 4.28 to
4.32.
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4.4.3 Conclusions of Friction Results

According to Sect. 3, two-phase friction is accounted for by means of a two-phase multiplier,
which depends on flow quality. Friction pressure drop results for both codes are in very good
agreement. Differences occur only in values corresponding to last node of SIMULATE-3. These
differences can be attributed to (1) friction in SIMULATE taking into account exit water rod flow
rate mixing and (2) friction between upper tie plate and channel exit considering only unrodded
channel flow area. Changes in area in the channel length from the top of active fuel to the upper
tie plate are not considered in computing friction pressure drop in this node.

It can be shown that flow quality is equivalent to flow thermodynamic quality in the bulk boiling
region. However, in the subcooled boiling region, a correlation is used to obtain the “real” flow
quality in this region, due to equal temperature assumption of the conservation equations.
Correlations for computing real flow quality are different in LAPUR and SIMULATE-3, and flow
quality results are slightly different between the two codes. The integral effect in friction is
negligible, as shown in the figures.

4.5 Local Pressure Drop Data

In this section, a comparison of other dominant contributors to the pressure drop in LAPUR and
SIMULATE-3 is provided.

4.5.1 Local Pressure Drop Data for TYPE A

Comparisons of the component of pressure drop due to local obstructions (spacers and tie
plates) for TYPE A are shown in Figs. 4.33 to 4.37.
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4.5.2 Local Pressure Drop Data for TYPE B

Comparisons of the component of pressure drop due to local obstructions (spacers and tie
plates) for TYPE B are shown in Figs. 4.38 to 4.42.
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4.5.3 Conclusions of Local Losses in Pressure Drop Results

The two-phase effect is accounted for by calculating local pressure drop by means of a
homogeneous multiplier, as shown in Sect. 3. Due to the different number of nodes used in the
LAPUR and SIMULATE-3 applications (45 nodes in boiling region for LAPUR and 25 fixed
nodes for SIMULATE-3), the flow quality used in the calculation for local pressure drop is
slightly different. As shown in the figures, the discrepancies are small and less than a 2% of the
total local losses in pressure drop for TYPE B. Results for TYPE A type fuel are in better
agreement possibly caused by compensation of errors in the pressure drops, spacer by spacer.
The quality profile for both cases is different because the power profile used for TYPE B and
TYPE A are different. However, overall the results show excellent agreement.

4.6 Void Fraction Data

In this section, a comparison of the void fraction predicted for LAPUR and SIMULATE-3 is
provided.

4.6.1 Void Fraction Data for TYPE A

Void fraction data for TYPE A test cases are shown in Figs. 4.43 to 4.47.
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4.6.2 Void Fraction Data for TYPE B

Void fraction data for TYPE B test cases are shown in Figs. 4.48 to 4.52.
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4.6.3 Conclusions of Void Fraction Comparison
Slight differences in the void fraction calculated by SIMULATE and LAPUR were identified. The
impact on the total pressure drop was negligible; however, comparisons of void fraction

calculated with LAPUR to experimental data are not readily available. The following section
compares void fractions to FRIGG loop data.
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5. Comparison of LAPURG Void Fraction to FRIGG Loop Data

Void fraction results of LAPURG6 and LAPURS5.1 release 1 are provided in this section. Indirectly,
this study demonstrated that the modifications made did not affect the independent void fraction
calculation process in LAPUR. These results show that flow qualities and slip ratio are not
affected by changes in pressure drop calculation models. Runs were performed with LAPURS.1
and LAPURSG, and the void fractions were practically the same (1% of maximum differences).
The results of LAPURG are represented as LAPURX in Figures 5.1 to 5.2.

5.1 Experimental Conditions

The FRIGG-2 experiments that were analyzed involved a steady-state flow test in 36-rod,
electrically heated rod bundles. Subcooled liquid was introduced at the bundle inlet, and both
axial and radial void fractions were obtained. Data from other experiments included mass flow
rate, wall heat flux, and exit pressure values. The average bundle void fraction data were
compared with LAPUR-calculated results. Table 5.1 shows input data selected from FRIGG
loop (RETRAN-3D, 2006)
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Figure 5.1 Void fraction of FRIGG-2 Test 313009
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Table 5.1 FRIGG-2 test conditions

Test Pressure (psia) InIe(tBiE;II:)a)Ipy Power (Mw) | Flow rate (Ib/s)
313009 725.00 487.05 2978 34.856
313014 720.65 472.07 2.930 36.619
313016 719.20 45455 2.909 38.036
313018 720.65 487.53 4.392 35.391
313020 720.65 448.44 4.412 34.493
313024 720.65 486.46 1.475 27.016

5.2 Comparison of Void Fraction Results to FRIGG-2 Data

Average bundle void fraction data are compared with LAPURG calculated results in Figs. 5.1 to
5.6.

5.3 Conclusions of Void Fraction Results of LAPUR6 Compared to FRIGG-2 Data
Void fraction results and FRIGG-2 data were in reasonably good agreement. The highest
deviations were similar to those of other models with three equation models and algebraic slip

(RETRAN-3D, 2006). However, void fractions obtained with LAPURG are practically the same
as those of previous version, LAPURS5.1 release 1. Logically, changes in pressure drop
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calculation do not affect slip and void fraction calculations because they are independent
calculations.

FRIGG-2 Test 313016

0.9

0.8

0.7

0.6

05 —#*—FRIGG2 data
) f
03

. =

Void fraction

Length (ft)
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6. Comparison of Cofrentes Nuclear Power Plant Measured Decay Ratios to
LAPURG Results

6.1 Cofrentes Nuclear Power Plant

The Cofrentes NPP is located 2 kilometers from the village of Cofrentes, in the province of
Valencia, on the right bank of the river Jucar, very close to the Embarcaderos reservoir, which
serves as a cooling source for the plant.

The plant is equipped with a General Electric BWR/6-type boiling water reactor, with a thermal
power level of 3,237 MW and an electrical output of 1,092 MW. Plant cooling is accomplished
by means of two natural draught cooling towers, each with a capacity of 50%. The total surface
area of the site is 300 Ha.

The construction permit for the Confrentes NPP was granted in 1975, and the plant was
connected to the national grid 9 years later, in October 1984.

6.2 Stability Control in Cofrentes Nuclear Power Plant

The Enhanced Option I-A E1A stability solution has been adopted by IBERDROLA as a long-
term strategy for stability control of the Cofrentes NPP. Enhanced Option I-A E1A, developed by
General Electric Company (GE) and BWR Owners Group, complies with General Design
Criterion 12 of 10CFR50.55 Appendix A through the use of licensing features that prevent
reactor instabilities from occurring under operating conditions that can be reasonably
anticipated.

A design philosophy of progressive protection is coupled with a conservative approach by
means of stability regions boundaries and mandated operator actions. The Exclusion Region is
analytically defined to be that area of the licensed core power and flow operating domain where
the reactor is susceptible to coupled neutronic/thermal-hydraulic instability. The reactor is
automatically prevented from operating in this excluded region by the APRM flow-biased reactor
trip function of the Neutron Monitoring System (NMS).

The Restricted Region of E1A is defined to be that area of the licensed core power and flow
operating domain where the reactor is susceptible to coupled neutronic/thermal-hydraulic
instability without regard to core void distributions. Automatic controls such that E1A APRM
control-rod block set points, as well as administrative controls (boiling boundary), are
implemented to prevent entry into the Restricted Region during scheduled reactor operation.
Anticipated transients that originate outside the Restricted Region and terminate inside the
Restricted Region are not expected to result in reactor instability. However, continued operation
inside the Restricted Region is not permitted without putting in place specified administrative
controls.

The Monitored Region is defined as that area of the core power and flow operating domain
where the reactor may be susceptible to reactor instabilities under conditions exceeding the
licensing basis of the current reactor system. This defense-in-depth feature is provided to
preclude reactor instability even under unanticipated conditions. Continued operation within the
Monitored Region boundary requires the presence of an automatic stability detection system.
Defense-in-depth features are incorporated into the solution to improve overall reactor safety.
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The E1A methodology application process is designed such that the E1A stability methodology
can be implemented in any GE design BWR using qualified stability analytical tools. Decay ratio
calculations form the framework for the generation and validation of the stability region
boundaries.

The qualified stability analytical tool used in the E1A Cofrentes application is LAPURG.

A methodology for calculating decay ratios using LAPURG6 has been developed (Methodology,
2006) in which a validation matrix is defined against analytical and plant-measured decay ratios.
The methodology application is designed to perform the Generation and Validation evaluations
of E1A Regions for Cofrentes based on decay ratio calculations.

Decay Ratio On-line Predictor (DROP) is a research and development project being carried out
by IBERDROLA jointly with the Polytechnic University of Valencia. The purpose of the DROP
project is to develop a predictor-monitor system for computing the stability margin in BWRs
based on LAPURG frequency domain code. One of the tasks for the DROP project has been the
validation of LAPURG presented in this document.

6.3 Methodology of Calculating Decay Ratios with LAPURG6

The methodology is based on an automated procedure for generation of LAPURG input and for
checking the consistency of LAPURG results. Core channels will be grouped according to the
number of LAPUR thermal-hydraulic regions necessary to take into account the core radial
power distribution.

The grouping criteria is based on

e relative power fraction,

o different fuel designs mixed in the core, and

e peripheral or non-peripheral channel. Peripheral channels have a bottom entry orifice
(BEO) instead of a side entry orifice (SEQO). Peripheral channels are typically collapsed
into a single LAPUR-averaged channel for each type.

In order to ensure the quality of the process, the following set of internal validations has been
defined.

e Consistency of collapsed LAPURG radial and axial power thermal-hydraulic regions with
SIMULATE power radial and axial peaking factors
e coherence of LAPURG flow distribution and core pressure drop with SIMULATE output

The following chain of codes is used.

e The SIMULATE (Studsvik, 2007) computer code is the 3D core simulator used to
calculate the core detailed hydraulic and neutronic configuration of the different state
points for analysis. The Cofrentes NPP core monitoring system, CAPRICORE, is based
on SIMULATE (Albendea and Crespo, 2000) and can configuration data for LAPURG6
either to predict stability margins on-line or to perform stability licensing calculations off-
line.

e PAPU (UPV, 1998) is a post-processor used to obtain Doppler and reactivity density

coefficients from the perturbation calculations performed by SIMULATE around the base
case.
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o LIP pre- and post-processor (Tofifio, 2004; IT-COSNU-260, 2006) extracts from the
SIMULATE summary and output file a database for all core assemblies classified
according to type in different output files and generates the complete input data for
LAPUR. The process is completely automated and can use LAPURG to either predict
stability margins on-line or to perform stability licensing calculations off-line.

6.4 Decay Ratio and Frequency Validation: Start-up and End-of-Cycle Coastdowns

The purpose of this validation set was to qualify LAPURG as a stability on-line predictor;
therefore, the same automated procedure (CC-COSNU-445, 2006) was followed for all decay
ratio calculations.

Average Power Range Monitor (APRM) and Local Power Range Monitor (LPRM) data were
collected during the Cofrentes NPP Cycles 16b and 17 coastdown and Cycles 17 and 18 start-
up (summer 2007 and November 2009). Cycle 16 is split up in two periods (16a and 16b) due to
a fuel failure in mid-cycle, and Cycle 16b corresponds with the Cycle 16 End of Cycle (EOC)
after discharging the failed fuel in a mid-cycle outage. The signals were analyzed with noise
techniques, and the experimental decay ratios were compared against LAPURG calculations.

The data acquisition system used is the standard of the plant. A sampling rate of 20 Hz for 10
minutes was recorded for each state point in a typical Tabular Trend Report.

Figure 6.1 shows a typical EOC coastdown. The plant is operating in Final Feedwater
Temperature reduction operation mode (FFWTR). For the shutdown, the operating crew
restores feedwater heaters to increase feedwater temperature. The negative reactivity insertion
helps to shut down the reactor. Control rod insertion and core flow decrease allow downshift of
the recirculation pumps and uncoupling of the generator, which finally leads the reactor to cold
shutdown.
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Figure 6.1 Typical path during EOC coastdown (Cycle 16b)

46



At EOC, the void coefficient reaches the maximum absolute value, and higher decay ratios than
at the Beginning of Cycle (BOC) are expected. APRM and LPRM data were taken at power
levels close to 90%, 80%, 70%, 50%, and 40% for EOC Cycles 16b and 17. Two additional
state points close to 30% and 20% were taken for EOC Cycle 17. During 16b and 17
coastdowns, a total of 12 recordings of 10 minutes were taken.

Figure 6.2 shows the typical path during a start-up. For low-power conditions, a GE-BWR-6
operates with recirculation pumps at low speed and the FCVs close to 50%. When the power is
above 25% and before the upshift, entry in Region B is required for a period, and E1A average
boiling boundary control above 4 ft (the lowest one-third of the core) using a shallow control rod
pattern is mandatory. With a fraction of core boiling boundary (FCBB) greater than 1, that is, a
core boiling boundary above 4 ft, Restricted Region FCTR control rod block set points are
switched to setup mode to allow entry in this region (blue arrow number 1 in Figure 6-2). During
the maneuver, the FCV position has to be less than 5% to avoid a high peak of neutron flux
(blue arrow number 2 in Figure 6-2). From this last state point and power above 25%, the
cavitation interlock allows upshift recirculation pumps to operate at high speed (blue arrow
number 3 in Figure 6-2). After the upshift, withdrawal of the required control rods in order to
reach full power has to be performed out of the Restricted Region because simultaneous boiling
boundary control and rod withdrawal is not possible. In order to withdraw enough control rods to
reach the target rod pattern, the power ascension is performed inside the Monitoring Region but
not too far out of the Restricted Region Boundary.
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Figure 6.2 Typical start-up path (Cycle 18)
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6.4.1 Generation of SIMULATE-3 Core Configuration Data

As described previously, SIMULATE-3 (Studsvik, 2007) is the nodal simulator used by
IBERDROLA for core following and design. It is also the calculation engine for the core
monitoring system CAPRICORE ( Albendea and Crespo, 2000). Using real data from the core
monitoring system, start-ups and coastdowns are simulated taking into account enough steps to
reasonably follow the xenon transient. In Figure 6.3, each marked diamond is a step in the
Cycle 18 start-up power history. The black continuous line represents one real state point taken
into account in the SIMULATE-3 start-up simulation.
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Figure 6.3 Power history used for SIMULATE-3 simulation of Cycle 18 start-up
6.4.2 Time Series Analysis of Signal for Decay Ratio Estimation

Different signal time series analysis methods can be used for decay ratio estimation (Verdu et
al., 2001; March-Leuba, 1984). After a detailed review of the different time series analysis
methods, a method based on the interpolation of an autocorrelation function was selected. The
robustness of this method was tested over a full range of decay ratios values using analytical
and real signal analysis. A decay ratio monitor called SMART has been developed by the
Universidad Politécnica de Valencia (Spain) jointly with IBERDROLA (Montesinos et al., 2010).
The SMART stability monitor, which was developed with MATLAB, will be used for
autocorrelation-based decay ratio estimation.
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6.4.3 Results of Decay Ratio and Oscillation Frequency

According to the procedure described previously, decay ratios from the APRM’s autocorrelation
function, natural frequency, and the equivalent from LAPUR were estimated.

In Figure 6.4, averaged APRM versus LAPUR results are shown. As can be seen, the frequency
trend is consistent. The decay ratio values are very low, mainly because at end of the cycle the
axial power profile is top peaked, which has a stabilizing effect. The state points analyzed
appear along the Monitoring Region boundary (green line), which is the locus of a 0.4 decay
ratio value. Values obtained were well below Monitoring Region criteria, which indicates the
degree of conservatism of the E1A methodology.

Figure 6.5 shows slightly lower values in BOC start-ups when compared with EOC coastdown.
Because the reactor power was close to 25% thermal power and 35% core flow for 12 h due to
typical tuning problems during the first start-up after the outage, four sets of 10 minute data
were taken during this 12 h interval to account for the xenon effect.

C.N. COFRENTES FLOW MAP
NTR -TLO Nominal Setpoint Functions
EOC C16 & C17 coastdowns

130 T T T T
®C16 COASTDOWN ¢ C17 COASTDOWN
120
1o DRL:0.13 FL: 0.75
) DRM:0.10 FM: 0.78
100
DRL:0.22 FL: 0.57 / DRL:0.12 FL: 0.70 /‘
20 DRM:0.13 FM: 0.55 —f DRM:0.13 FM: 0.71 {
T
o - T
E 80 ™~ DRL:0.14 FL: 0.66 ™, e
1
s §< DRM:0.04 FM: 0.69 ‘i/
x 70 S j DRL:0.09 FL: 0.74
w B 0 DRM:0.10 FM: 0.75
2 60 ) DRL:0.21 FL: 0.59
Q DRL:0.18 FL: 0.55 DRM:0.14 FM: 0.61
w DRM:0.12 FM: 0.58 |
oz 50 S~ i
o
O ,o [ DRL:0.29 FL: 0.49 [ [L—Z ] 7| DRL:0.25 FL: 0.54
DRM:0.19 FM: 0. 4// DRM:0.13 FM: 0.55 P
R > 4 DRL: DR LAPUR

DRL:0.18 FL: 0.53 FM : AVERAGE APRM FREQUENCY

44
30 —

\/L- [i[—" "\\ I// FL: FREQUENCY LAPUR (HZ)
20 f ' DRM: AVERAGE APRM DR FROM ACF

10 . i FROM ACF (HZ)
DRM:0.18 FM: 0.48
L ACF: AUTOCORRELATION FUNCTION
0 : : . . .
0 10 20 30 40 50 60 70 80 90 100 110 120
CORE FLOW (% rated)

Figure 6.4 Average APRM decay ratio and frequency versus LAPUR results
(EOC Cyles 16 and C17 coastdowns)
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Figure 6.5 Average APRM decay ratio and frequency versus LAPUR results
(Cycles 17 and 18 start-ups and coastdowns)

The values obtained in the four sets of LAPUR calculations are very similar. Decay ratios were
obtained at the highest flow rate between 55 and 65%, core flow was around 0.2, and natural
frequency was around 0.55-0.63 Hz. Decay ratios were lower in comparison with decay ratio
criteria of the Monitoring Region.

The hottest channel decay ratio for each fuel design was isolated in a LAPUR channel, and
exclusive thermal-hydraulic (without neutronic feedback) decay ratio calculations were
simultaneously performed for each hot channel. Hot channel decay ratio was close to zero for
all of state points.

Obtaining decay ratios from LPRM data was not possible because the signal to noise level was
not sufficient to obtain consistent results.

6.4.3.1 Analysis of data

Estimated decay ratio and natural frequency based on autocorrelation function are in good
agreement with LAPUR results.

The results shown in Figure 6.6 are in the £0.1 band, with noticeably good agreement for the
low decay ratios.

50



Calculated DR (LAPUR)

0.30

0.25

0.20

0.15

0.10

DR measured-calculated comparison
(LAPUR DR, APRM AVERAGED DR)
C16b-17 Coastdown & C17-18 Startup

#Decay Ratio |

e

BAND +0.2)/ S 3 d
> < <
yd
BAND:0.1> /" . - ) _
7 ¢ 7
7~ TS
7, / . _ /
< 7
e . s B&ND -0.1/
P

2

S
g r g 13
¢ 7 BAND -0.2
/

-7~

0.05 0.10

0.15 0.20 0.25 0.30 0.35
Measured DR (SMART)

Figure 6.6 Decay ratio based on monitor SMART versus LAPUR

A bias of 0.3 was obtained by subtracting the SMART decay ratio from the average of LAPUR
decay ratio and shows a slightly conservative trend in LAPUR predictions. The sample standard
deviation is 0.05, which shows a very reasonable dispersion.

Figure 6.7 shows the natural frequency agreement between LAPUR and SMART. A bias of 0.0

Hz was obtained by subtracting the SMART frequency from the average LAPUR frequency, with
a sample standard deviation of 0.04, which shows a very low dispersion of frequency prediction.
LAPUR predicts very accurately natural frequency in the 0.40-0.80 Hz.
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Figure 6.7 Natural frequency based on monitor SMART versus LAPUR
6.4.3.2 Comparison of SMART frequency and power spectral density peaks

In this section, SMART natural frequency based on autocorrelation function is compared with
the resonance peaks of a non-parametric spectrum estimation based on Welch’s method and a
Hanning window (Proakis and Manolakis, 1998), with a segment window length to obtain a
resolution of 0.1 Hz. Figure 6.8 compares LAPUR-calculated frequency to the closest frequency
peak of Welch’s method spectrum estimation. The periodogram is composed of several peaks.
The three highest peaks are extracted, and the closest to autocorrelation-based frequency is
plotted against LAPUR-calculated frequency. Due to the low energy of the peaks that is
consistently obtained with low decay ratios, a few frequency results are inconsistent, but the
majority are reasonably consistent, as shown in the figure.

For the frequency comparison which is out +0.2 band (0.34 PSD, 0.63 LAPUR) when a 0.05 Hz
resolution periodogram is obtained, there is a peak close to LAPUR frequency. Figures 6.9 and
6.10 show periodograms with two different resolutions.

Because the decay ratio is very low, the PSD peaks have very low energy, as shown in
Figs. 6.9 and 6.10.
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6.5 Decay Ratio and Frequency Validation: Cofrentes Cycle 6 Instability
6.5.1 Event Description

Shortly after 12 o’clock noon on January 29, 1991, a nuclear thermal-hydraulic instability event
occurred during the start-up sequence approximately 30 h after a scram for full
power.Conditions at the plant at the time of the event were as follows.

o Middle of cycle at an exposure of 4478 MWD/ST of a planned 9500 MWD/ST cycle.
— Recirculation pumps motors at low speed
— Flow control valves at minimum position

o One feedwater train was out of service (6A) and the other (6B) was being placed in
service.
e Steam bypass valves closed

The operators were withdrawing control rods when oscillations of approximately 10% peak-to-
peak of scale were observed. Event descriptions and stability analysis performed with LAPUR
can be also found in IT-CONUC-028, 2006).

6.5.2 Setup of the Core Configuration

The core configuration was updated using SIMULATE 6.07.15. The first step consisted of
identifying the closest SIMULATE restart file to the event, in this case at the beginning of the
Cycle 6. This initial restart corresponded to SIMULATE input data from the core following runs.
After locating the initial restart file, four SIMULATE runs were conducted to reproduce the core
configuration at the beginning of the event.

The first run of SIMULATE updated the core burnup conditions and initialized the xenon
transient. For this reason, the reactor was brought to previous scram (01/28/91) conditions. The
second run reproduced the scram and considered the reactor shutdown interval until the next
startup. Taking into account this time interval was necessary in order to perform the xenon
transient calculation. The third run was necessary to enter the time in hours between the
shutdown and the start-up beginning xenon transient calculation. The start-up beginning time
was unknown, so the interval in hours between the shutdown and the criticality was used as an
acceptable approximation. Finally, the fourth run was necessary to calculate the core
configuration at the 01/29/91 state point.

6.5.3 LAPUR Input Data

Core channels have been grouped in six regions. In Cycle 6, the core was composed of 8x8
fuel. Two independent LAPURX grouping criteria, one for wide core decay ratio calculation,
maintaining a power fraction per the sixth region less than 20%, and a second criteria isolating
the hottest channel in one additional region and the other ones with a power fraction less than
20%. Tables 6.1 and 6.2 show the final power distribution obtained.
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Table 6.1 Number of channels assigned to LAPUR for channel decay ratio calculations

State point Channel1 | Channel2 | Channel 3 | Channel4 | Channel 5 | Channel 6
012991 91 100 108 127 122 76
Power fraction 0.19863 0.19964 0.19833 0.19984 0.15016 0.05342

Table 6.2 Number of channels assigned to LAPUR for channel decay ratio calculations

ﬁ:,aitn(: Channel 1 | Channel 2 | Channel 3 | Channel 4 | Channel 5 | Channel 6 | Channel 7
012991 1 91 100 109 127 120 76

Reactor conditions at the beginning of the event are illustrated in Table 6.3.

Table 6.3 Reactor conditions at the beginning

of the event

System pressure

969.1 psia

Core inlet enthalpy

477.97 BTU/Lb

Core power

1180.7

Core flow rate

25.940ES6 Ib/h

Bypass flow rate

1.0631E6 Ib/h

6.5.4 LAPURG Results

SIMULATE and LAPUR core pressure drops are consistent. A summary of these results is

shown in Table 6.4.

Table 6.4 Simulate LAPUR pressure drops comparison

SIMULATE core
Sta.lte pressure drop LAPUR core . EI;I'OI’
point (psi) pressure drop (psi) (%)
012991 5.811 5.841 0.525

Additionally, the consistence between flow distribution from SIMULATE and LAPUR has been

verified. Results are shown in Table 6.5.

Table 6.5 Comparison of SIMULATE and LAPUR

flow rate channels

State Point SIMULATE LAPUR Error
012991 (Ib/h) (Ib/h) (%)
Channel 1 464754 455640 -1.961
Channel 2 522561 514090 -1.621
Channel 3 574250 567400 -1.193
Channel 4 685725 684480 -0.182
Channel 5 648533 663360 2.286
Channel 6 238338 248790 4.385
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6.5.5 Decay Ratio Values Analysis

o Execution for wide-core decay ratio—global decay ratio is directly obtained from
LAPURW output file

o Execution for channel decay ratio—Channel decay ratio is also obtained from LAPURW
output file.

o Out-of-phase decay ratio is calculated. An estimated value of the eigenvalue for the first
harmonic flux solution (-1.06$) has been used.

The core-wide, out-of-phase, and the highest value of the individual thermal-hydraulic channel
decay ratios (the hottest channel) are provided in Table 6.6.

Table 6.6 State point 290191 decay ratio values

Channel Out-of-phase
Power Flow Core decay| Frequency decay ratio decay ratio
(MW) (MLb/h) ratio (Hz) (1HC) (-1.069%)
1108.4 (40.8) | 25.94 (30.7%) 0.75 0.41 0.69 0.78

The high value of hottest channel decay ratio indicates the high susceptibility of the core to
oscillate locally and out of phase.

6.5.6 APRMs Signal Analysis

APRNMs signals are available from the event, as shown in Figure 6.11. Applying Welch’s method
with a Hanning window to APRM A, the periodogram in Figure 6.12 is obtained. A double peak
is clearly identified: the natural frequency and one harmonic, the double of the natural
frequency. During BWR unstable oscillations, the fundamental mode of oscillation does not
appear alone, but it appears to be always accompanied by at least the first axial oscillation
mode. From observations of actual reactor instability tests and 3-D code simulations, it appears
that the fundamental mode always excites at least the first axial mode (and probably all higher
axial mode harmonics). This fact is an apparent paradox because, in principle, the different
harmonic modes are orthogonal to each other, and therefore, one cannot excite the other. In
summary, this effect can be explained by the fact that the reactivity feedback is nonlinear, and
thus, linear mode orthogonality theorems do not apply (March-Leuba, 1992).
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CNC INSTABILITY: APRM A [1991/01/29, 12:05:24.000 - 12:09:23.950]
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Figure 6.11 APRM A 1991/01/29 Cofrentes instability event
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Figure 6.12 PSD based on Welch’s method periodogram (290191 Cofrentes instability)
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If a standard filter with a pass-band frequencies (0.3—1.3 Hz) is applied, as has been applied for
analyses shown previously in this report, the mode with highest DR in the band is obtained
which corresponds with the first axial mode (Table 6.7) and cannot be compared with wide-core
decay ratios obtained from LAPUR.

In order to obtain autocorrelation-based decay ratios from fundamental mode and from the first
axial oscillation mode, two types of notch Butterworth filter (Figure 6.13) have been applied to
APRM signals in order to split up fundamental and first axial modes and obtain decay ratio
separately. Figure 6.14 shows the effect of filters application in PSD. Results of applying a
standard filter, filter type 1 and filter type 2, and filter specifications are shown in Table 6.7.

Table 6.7 Filters applied to APRM signal

Filter 1 Filter 2
Pass-band frequencies [0.3-0.6] Hz [0.7-1.3] Hz
Stop-band frequencies [0.2-4] Hz [0.6-4] Hz
Pass-band ripple 1dB 1dB
Stopband attenuation 20 dB 20 dB
T T T T T T T I
[0.3-0.6]
2 [0.7-1.31 H
X:1.3
Y:0
o n -
2 -
4 -
)
5 < 1
§ 8 -
10 -
12+ -
14 -
18 ! ! ! ! ! ]
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Frecuencia (Hz)

Figure 6.13 Bode diagram of applied Butterworth filters to split up fundamental and first mode
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Figure 6.14 Effect of type 1 and type 2 filtering in APRM A signal

Note that the signal analysis with standard filter gives in the 7/8 APRM decay ratio for the
harmonic, because of its highest decay ratio value. Agreement between results, filtering around
fundamental frequency, and LAPUR wide-core results (decay ratio = 0.75 and frequency = 0.41
Hz) seems to be reasonable (Table 6.8).

6.6 LPRM and APRM Decay Ratio and Frequency Validation

Validations above are based on APRM data. Standard data acquisition system of the plant gives
high enough sampling rate only for eight selected LPRMs (one from each APRM) selected from
the 33 x 4 levels = 132 LPRMs in the core. However, noise analysis of these LPRMs does not
produce consistent noise analysis results. For decay ratio monitoring purposes, the availability
of LPRM data with good properties in terms of noise quality is important. Capabilities for local
analysis, coherence, and phase are welcome as well.

After searching the market for data acquisition systems with optima sampling rates and high-
amplitude resolution in an analog-to-digital converter (16 bits), a RTP2316-M system was
selected. The RTP2316-M Data Acquisition System was developed by RTP, a company with
broad experience in the field of nuclear engineering. The model is a version of the RTP2300,
which has been qualified as 1E Safety Class.

The system consists of the following:

e RTP2300-M chassis with 8 hot-swappable 1/0O cards with power input options of 115 V
ACat2.1 A 230 VACat1.1 Aor24V DC at 8 A. The chassis contains a dedicated
PLD processor to perform I/O scanning.

e One node processor card, with a Mobile Intel Celeron Processor and 2 PCl-based 100
MHz full-duplex Ethernet controllers for input/output (I/O) communications.
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Table 6.8 Cofrentes 290191 instability (signal analysis results)

FILTER 0.3-1.3 standard [
Sensor Tiempo inicio [ Tiempo fin tramo DR 0.3-1.3 [fRes 0.3-1.3 |standard deviation fPSD 1° fPSD 2° fPSD 3° fPSD elegida
2801APRMA 05:24.0 09:23.9 1.00 0.94 0.94 0.46 0.78 0.94
2802APRMB 05:24.0 09:23.9 1.00 0.94 0.94 0.46 0.77 0.94
2803APRMC 05:24.0 09:23.9 1.01 0.95 0.94 0.47 0.78 0.94
2804APRMD 05:24.0 09:23.9 1.02 0.95 0.94 0.46 0.78 0.94
2805APRME 05:24.0 09:23.9 0.95 0.43 0.47 0.94 0.78 0.47
2806APRMF. 05:24.0 09:23.9 0.51 0.42 0.94 0.46 0.79 0.46
2807APRMG 05:24.0 09:23.9 1.00 0.95 0.94 0.46 1.88 0.94
2808APRMH 05:24.0 09:23.9 1.03 0.94 0.94 0.46 0.78 0.94
FILTER 1 0.3-0.6 Aplicando el filtro también antes de la PSD:
Sensor Tiempo inicio [ Tiempo fin tramo DR 0.3-1.3 [fRes 0.3-1.3 |DR standard deviation |fPSD 1° fPSD 2° fPSD 3° fPSD elegida
2801APRMA 05:24.0 09:23.9 0.74 0.47 0.46 0.77 0.46
2802APRMB 05:24.0 09:23.9 0.79 0.47 0.47 0.76 0.47
2803APRMC 05:24.0 09:23.9 0.78 0.47 0.46 0.77 0.46
2804APRMD 05:24.0 09:23.9 0.78 0.47 0.46 0.76 0.46
2805APRME 05:24.0 09:23.9 0.89 0.47 0.47 0.76 0.47
2806APRMF. 05:24.0 09:23.9 0.80 0.47 0.46 0.77 0.46
2807APRMG 05:24.0 09:23.9 0.83 0.47 0.47 0.77 0.47
2808APRMH 05:24.0 09:23.9 0.68 0.47 0.46 0.77 0.46
average 0.78 0.47 0.06 average 0.46
FILTER20.7-1.3 Aplicando el filtro también antes de la PSD:
Sensor Tiempo inicio | Tiempo fin tramo DR 0.3-1.3 [fRes 0.3-1.3 |DR standard deviation |fPSD 1° fPSD 2° fPSD 3° fPSD elegida
2801APRMA 05:24.0 09:23.9 0.98 0.94 0.94 0.79 1.09 0.94
2802APRMB 05:24.0 09:23.9 0.98 0.94 0.94 0.78 1.09 0.94
2803APRMC 05:24.0 09:23.9 0.97 0.94 0.94 0.78 1.09 0.94
2804APRMD 05:24.0 09:23.9 0.98 0.94 0.94 0.78 1.09 0.94
2805APRME 05:24.0 09:23.9 0.98 0.94 0.94 0.78 1.09 0.94
2806APRMF. 05:24.0 09:23.9 0.98 0.94 0.94 0.79 1.09 0.94
2807APRMG 05:24.0 09:23.9 0.98 0.94 0.94 0.79 1.09 0.94
2808APRMH 05:24.0 09:23.9 0.98 0.94 0.94 0.78 1.09 0.94
average 0.98 0.94 0.002 average 0.94

Two analog input cards: 8436/51 isolated analog input cards with eight input channels

for £10 V input data. Each of the eight channels is isolated with an anti-aliasing low-pass

filter, multiplexed, and amplified before entering to a 16 bits bipolar A/D converter.

Ethernet output connections to a computer for data collection.

APRM-C and related LPRMs analog volts data were connected to RTP2316-M input cards
(Table 6.9).

Table 6.9 RTP2316-M input channels

Signals for each channel from RTP 8436/51 analog input cards

Card 1 Card 2 Channel
APRM C 14-47A CHO
22-23B 14-15A CH1
22-23B — OPTOISOLATOR 46-15A CH2
38-39B 46-31C CH3
LOOP A JP FLOW 14-31C CH4
LOOP B JP FLOW 30-47C CH5
DOME PRESSURE 30-15C CH®6
38-07B 38-23D CH7
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APRM-C was bypassed in order to guarantee that any spurious signal could progress to any
channel of the reactor protection system (RPS) due to was only a temporary connection. LPRM
22-23B was connected through am optoisolator to verify its effect in the noise quality.

6.6.1 New Data Acquisition System Test during Cycle 18 Sequence Exchanges
(June 2010, September 2010)

During two consecutives control rod sequence exchanges, June and September 2010, data was
taken according Table 6.9 scheme.

The June 2010 control rod sequence exchange, as shown in Figure 6.15, includes the
verification of power flow map rod lines, specifically the 80% rod line.
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Figure 6.15 June 2010 control sequence exchange roadmap

Figure 6.16 (September 2010) shows a typical control rod sequence exchange. As can be seen
in figures, control rod exchange is carried out between in the region C, E1A monitoring region.
Conservatively, the right boundary of this region is considered the locus of power flow map
conditions with a wide-core decay ratio of 0.4.

The procedure is clear: recirculation FCV closing to 70% of core flow; control rod insertion to
60-50% of power; sequence exchange at low power to minimize pellet clad interaction (PClI)
contact in cladding; withdraw control rod to reach the PCI envelope; and finally increase core
flow opening recirculation FCV, maintaining an increase of power around 20 MWe/h

(60 MW thermal/h).
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6.6.2 Signal Analysis

Signal quality results are summarized in Figure 6.17.
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Figure 6.16 September 2010 control sequence exchange roadmap
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Figure 6.17 Histogram of APRM-C and LPRM 22-23B with and without optoisolator

Applying the Kolmogorov-Smirnoff normality test to the signal indicates in some cases that
noise distribution is normal. The test is not satisfied in all of the cases, but the appearance of
the histogram shows a clear normality of signals. Gaussian noise is expected for conditions
where the signal is not to be highly autocorrelated (low decay ratio). In case of high decay ratio
values, the distribution would look like a sinusoid in Gaussian noise. The distribution of LPRM
signal through the optoisolator seems to be unaffected from a statistics standpoint.

6.6.3 Decay Ratio Results

In Figure 6.18 a sample of June and September 2010 decay ratio values is shown. First of all,
decay ratio values are lower than 0.2 for all of the state points.

Frequency and decay ratio trends seem to be reasonable. There is a higher inaccuracy in
frequency estimation from autocorrelation function, especially for high flow and low decay ratios.

Figures 6.19 and 6.20 show the decay ratio and frequency agreement comparing
autocorrelation and LAPUR-based data, respectively.

Decay ratios obtained are smaller than 0.2. Frequencies based on autocorrelation are higher
than those predicted by LAPUR, especially for high core flow (higher than 70%). Decay ratio
from these state points is very low, and this could cause numerical difficulties in determining the
frequency from the autocorrelation function.
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Figure 6.18 Decay ratio sample for June and September 2010 maneuvers
DR measured-calculated comparison
0.4
/ 7
0.35 /
/
/
0.3 P
7 Vg
BAND +0.2
0.25 z Sz
) — —~ >
x BAND +0.1
2 “ 7 S
< P _
< 0.2 re 7
/4
& e . e
E / & 0 /
= 0.15 L 4 40—¢ * A
g - o o0 N A
S N ¢ ¢ /7 BAND-0.1
IR IR P
0.1 - *
7 BAND -0.2
0.05 /
) -7
/
0 . Z : ’ . . .
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Measured DR (SMART)

Figure 6.19 June and September 2010 maneuver—decay ratio comparison

65

120



Frequency
measured-calculated comparison

1.30
e
1.20
BAND +0.1 / -~
/

1.10 /
BAND +0.2 /&

/

i
e
7

g 00 /
£y BAND -0.1
i 0.80 v
Q
5 / e BAND-0.2
g 0.70 / A
- 7 /
k-] L 4
% 0.60 A ;—)’
3 e
8 / -~ /
0.50 S A
7 e /
0.40 A
/
0.30 Z . . . . . . . .
0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30

Measured Frequency (SMART)
Figure 6.20 June and September 2010 maneuver—frequency comparison

6.7 LPRM Data

Due to better noise resolution capabilities of the RTP system, decay ratios from LPRMs can be
obtained.

Figure 6.21 shows reasonable agreement among LPRM, APRM C and LAPUR decay ratios
taking into account the increased noncorrelated noise, which LPRM signal usually contains.

Figure 6.22 shows the frequency comparison. The agreement is very good until the frequency is
less than 0.8 Hz for signal and 0.7 Hz from LAPUR, for a core flow less than 70%. Decay ratio
from these state points is very low, and this could cause numerical difficulties in determining the
frequency from the autocorrelation function.
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Figure 6.21 LPRM and APRM-C decay ratio from autocorrelation versus LAPUR
decay ratio comparison—September and June 2010 sequence exchange
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CONCLUSIONS

Generic validation of the components of pressure drop obtained with the new models
implemented in LAPURG r.0 was performed (using default friction models of SIMULATE-3).
Comparisons of LAPURG6 with SIMULATE-3 showed a very good agreement. Components that
are dependent on void fractions (elevation and acceleration) showed slight discrepancies due to
the void fractions predicted by SIMULATE-3 and LAPURG not being equal. However, the
relative contribution of these components to the total pressure drop is very low, and the effect
can be considered to be negligible.

FRIGG-2 LOOP experimental void fractions data and LAPURG were also compared. Their
agreement was similar to those of other codes with three or four equations and dynamic or
algebraic slip.

Figures 7.1 and 7.2 show all available Cofrentes plant data from start-up, sequence exchange,
and coastdowns.

Reasonable agreement was observed, and the majority of predictions are in the £0.1 band.
Frequency is reasonablly predicted up to 70% of the flow rate (0.7 Hz for LAPUR and 0.8 for
autocorrelation-based frequency).

Table 7.1 shows results obtained for Cofrentes instability on January 29, 1991. Agreement for

wide-core decay ratio is very good. LAPURG6 and autocorrelation-based decay ratios and
frequency show very consistent results.

Table 7.1 Cofrentes instability results

State Power Flow |Core decay| Frequency d:::aan?aetlio Cilu:;:f-egtaize
point (MWwW) (MLb/h) ratio (Hz) (1 I)-,IC) (-1 .¥)6$)
012991 1108.4 25.94 0.75 0.41 0.69 0.78
(40.8) (30.7%)
Autocorrelation-based estimation 0.78 0.47 0.98
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showed very good agreement. Slight discrepancies in void fractions between the two codes were found, but the effect on total
pressure drop was negligible. In addition, the LAPURG void fraction model was tested against FRIGG-2 void fraction data. Void
fractions predicted by LAPURG6 showed deviations similar to those of other thermal-hydraulic codes when benchmarked against
FRIGG 2 experimental data.

An extensive validation comparing measured against calculated core-wide (CW) decay ratios was also conducted. A set of
Average Power Range Monitor (APRM) signals were recorded at steady state during the final coastdowns for Cycles 16b and 17
and start-up for Cycles 17 and 18 in Cofrentes Nuclear Power Plant (NPP). A detailed simulation of these activities was
conducted with SIMULATE-3 using cycle-specific CASMO-4 cross sections and the recorded operating data. Selected
quasi-steady-state points were analyzed using noise techniques, and decay ratio values were compared to LAPURG results.
Finally, Cycle 6 Cofrentes out-of-phase (OOP) instability was reproduced using LAPURG, and the resulting decay ratios showed
excellent agreement with the measured data.
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