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1 Introduction

APAL (Advanced PTS Analysis for LTO) is a project funded by the EU within HORIZON 2020 programme.
One of the most limiting safety assessments for the {tergh operation (LTO) of nuclear power plants

(NPPs) is the reactor pressure vessel (RPV) integagssment for pressurized thermal shock (PTS).

The main objectives of APAL project &olowing:

1 development ofadvanced deterministic and probabilistic PTS assessment methods,
1 quantification ofdeterministic and probabilistisafety margins
1 development ofbestpractice guidance.

The APAL project consists of 7 work packages (WP):

WP1¢ Stateof-the-art for LTO improvementselevant for PTS event
WP2- Improvement of TH analysis

WP3- Deterministic margin assessment

WP4- Probabilistic margin assessment

WP5- Definition of bestpractice for advanced PTS analysis

WP6- Training, Communication, Dissemination and Exploitation
WP7- Scientific coordination and project management

= =4 4 =4 -4 -8

The interaction between these 7 WPs is showhRigurel.1.

WP7
Management

e

WP1
State-of-the-art for
LTO improvements

/ \
d c \ g
&\ 9
N { o 0 N\
\ LTO improvements NG % 4..6’/ %0 M
& ¥ (e.g. advanced methods, \_\ Dy 0 |
[ 2 / WRS) - . 7% |
| @ & / Y
& < |
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m LTO improvemnts

Deterministic Frr— Probabilistic
margin assessment Sirpaiie margin assessment
distributions =

WP5
Best-practice
guidance

Improved TH tobe an
analysis

Technical WPs

WP6
Training and
Dissemination

Figurel.1: Structure of WPs within APAL
CKA& NBLRNIL adzYYFINAaSa GKS 62N X YFAYy NBadzZ daz O
YI NBAY | &&h8 inadinydbjgclive othe WP3 was to perform benchmarks to harmonize
calculation tools and avoid errors as well asd&termine the impact of LTO improvements and
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uncertainties in thermal hydraulic (TH) data on the results of PTS analysis using deterministic
assessment.

TheWP3 (Deterministicmargin assessment) consists of five tasks:

Task3.1: Structural assessment

Task3.2: Definition ofdeterministicbenchmark

Task3.3: Baselin@leterministichbenchmark

Task3.4: Margin assessment related to LTO improvements
Task3.5: Margin assessment related to TH uncertainties

= =4 =4 =4 =9

In Task3.BStructural assessmeththe structural calculations for the determination of strajistresgs
and temperaturs in the RPV wallvere carried out for a selected ICAS transi&fRALICAS Tghase
case), and for the selected LTO improvemente TH data were obtained from WH2. have a better
understanding of the resulfsensitivity cases were also generated.

Ly ¢Fal o®dH a5SFAYAGA2Y 2F RSOUSNNAYyAAGAO o6SyoK:
mechanics assessment was defined, which also was the basis for the benchmark for the probabilistic
PTS analysis carried out in WP4. The benchmark definitiomsedlon a sound technical basis and

allows verification of results. The benchmark has mandatory (determination of crack initiation) and
non-mandatory parts (e.gdetermination of RPV failure including crack arrest analysis, investigations

of statistical déa set to identify the most conservative loading conditions).

LY ¢F&1 odo a.laStAyS RSISNN¥VAYAAGAO o0SYOKYIl NJ ¢
performancewas carried out based othe base case TH data séthe first benchmark performance

was done stepwisestarting with input dataand methodsgiven to identify critical steps within the

defined benchmarkThe resultfrom the first deterministic benchmark performanseere compaed
andanalysedSecondlyparticipants mayhave usedheir own calculation methods and input data.

InTasks3.&a F NEAY | 8484aYS8yd NBfahdBSRa HINE A V& hl 28 N2 WS v
¢ 1 dzy OS Nie limpattioh selacted LTO improvements and TH uncertainties on deterministic
margin assessmentasevaluated as illustrated imablel.1.

Tablel.1: Quantification of impact of LTO improvements and TH uncertainties on margin
assessment

Reference Case
(base-case TH data for ICAS)

Application of
defined :> Max. all. ART =

benchmark

Defined LTO
improvements

TH

uncertainties

‘ Set of TH data

TH data sets
from Wilks

Application of
defined
benchmark

Max. all. ART

Application of
defined
benchmark

Max. all. ART

1.1 Definition of terms used irthe assessments

Comparison

This Section provides definitions thaere used forthe assessments within the APAL project:

- Baseline case= benchmark case with methods, models and set of parameters to be
investigated by all partners (mandatory)
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Base case TH data sehew conservative transient (in the meaning to be conservative for the
safety assessment) faransient T2 fromthe ICASproject (among othersaccumulatortank

was newly included into the TH modehamed now APAICAS T2, this is the reference
transient

Best estimate TH data set transient results fronifask 2.3¢best estimate solutioéis a
solution of TH calculations for the APAL transient with all input parameters (both plant
parameters and model parameters, as well as husfsartor parameters) set to their best
estimatevalues if they are available. (Otherwise, the conservative value is applied.)

Base line assessment basic assessment considering base case TH loading for structural
assessment, RPV location of interest at core weld below cold leg with safety injection
Statistical TH data sets set of all transient&ith randomly sampled input TH parametgr®.,
coming from Wilks method) resulting from task ZThey wereevaluated inTask 3.5 (margin
assessment related to TH uncertainties)

Long term operation (LTO) improvementsset of transients concernifgPPimprovemens
(potentially beneficial for PT$)r long term operation resulting frorfiask 2.1 which were
assessed ifasks 3.4 and 4.4(margin assessment related to LTO improvement)

ART= adjusted reference temperature (from indirect or direct measurement), this is the name
chosen for the index of thé curve RRprconcept, indirect) as well as for the index from the
Master Curve (direct measurement ©f+ margin =RD).

max. all. ART =This is the (calculated from PTS fracture mechanics safety assessment) value
being shifted in order to find the highest index fulfilling the limit condition (tangent or WPS).
The maxall. ART can beither max. all. Rkporor max. all.To, depending on the adopted
concept Rkpror Master Curve)

margino A Y X 3 Ayad X 0SG6SSy #nargiy &oneXdeedzSot riiean ®d PO
anything, the relation leading to a margin must be always specified. Specifically, in the APAL
project the definition of the margin is given by: margmmaximum allowable reference
temperature (max. all. ARBpainstRPV failure (situation leading to crack initiation or non
arresting crack), this is given by the comparison (difference) of maximum allowable ARTs
betweensituation Aandsituation Bdue tothe change of @iven parameter.

Inherent margin = Unquantifiable positive bias in results of some method, calculation,
assessment, measurement, etc.

RPV failure= within the APAL project, this is the name of the situation obtained if a postulated
crack could initiate under given combination of loading and aging (mandatory task, penalizing)
and if the propagating crack cannot stop or growths up to some given proportion of RPV
thickness (e.g. 75%) under given combination of loading and aging (agingtisandatory

task), i.e. RPV failure = crdnkiation andgrowth up to 75% of the RPV wall thickness

Limit condition(or limit state): WPS or tangent approach; initiation or unstable {aoasting)

crack growth (or too deep crack, i.e., plastic collapse).

1.2 Alignment/interface between WP3 and WP4

Within APAL, WP3 and WP4 have a strong interaction as the deterministic and probabilistic benchmark
definition are both based on the same technical basis and sfpan structural assessment (i.e. stress
and temperature field) are identical.

Both benchmarks have common input data that are treated determimibyi@and use the same
methods like

=A =4 =4 =8 =9

RPV geometry

Material properties (mechanical and physical)
Residual stresses

Stresses from PTS transient

SIF solution

10
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9 Limit conditions (tangent approach, WPS)

Another common approach is the location pdstulatedflaw. In both benchmarks a single flaw is
assessed located atposition of interest (e.g. core weld elevation inside cold plume)

Within the probabilistic fracture mechanics benchmark some input eagee treated as distributed
parameters. Starting from sampling exercises, and beginning with only fracture toughness as
distributed parameter, the level of complexity of the probabilistic assessment was increased during
the benchmark performancand due to type of probabilistic margin assessment (Edg Concerning

the determination of max. all. ART within tipeobabilisticmargin assessment connection tahe
deterministicassessmentvas ensuredasthe appropriatequantiles (i.e. pradefined lower bounds) of

the fracture toughness (and crack arrestirveg distribution were used in the deterministic
assessment:

9 Fracture toughness:
0 RTorconcept: Use ASMEgc curve as Meart, 2x Standard deviation (i.e. 2.5% lower
bound) forthe deterministic benchmark
0 Master Curve () concept: Use 5% lower boundahck initiationdistribution for the
deterministic benchmark
1 Crack Arrest:
0 RTorconcept: Use ASMEfack arrest curvas Meart, 2x Standard deviation (i.e. 2.5%
lower bound) forthe deterministic benchmark
0 Master Curve (o) concept: Use 5% lower bound of crack arrest distributiontter
deterministic benchmark

In addition, the quantification of impact of TH uncertainties was done based on both approaches,
although it is more related to a full probabilistic assessment. The impact of the TH uncertainties on
stress and temperature fieldsasdetermined by assessing all of the Wilks data sets (8¢e As the

goal of APAL was to determine the impact of TH uncertaintieseargin, it was out of scope to derive

a stress and temperature uncertainty due to TH input data variation. The APAL approach within WP2
was to determine lower bound TH data sets by Wilks analysis and compare it with base case TH data
set. But it turned out, that the identification ofhe most conservativelH data set requires the full

chain of PTS analysis up to final fracture mechanics for margin assessment. Therefore, the assessment
of all TH data sets from Wilks analysis was required in both, deterministic and probabilistic margin
assessment.

As the structural assessment is a common basis for both, deterministic and probabilistic benchmark,
the corresponding chapter will be part of both public summary reports.

11
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2 Structural assessment (Task 3t1Task 4.1

In Task 3.1and 4.16Structural assessmehfl], [5] the structural calculations for the determination

of temperature, strains and stres®sin the RPV wall are carried out fthre selected transientlfase
case), for the selected LTO improvemefizsk 3.1) and for TH uncertaintieftask 4.1) As the
structural assessment is a common basis for both, deterministic and probabilistic benchmark, the
corresponding chaptes part of both public summary reports.

To have a better understanding of the resulensitivity cases were also generated. To have more
knowledge not only about the TH data influence but also about the geometric effects, the 1D, 2D and
3D models were created. One of the masnsitiveparts of the RP¥fom the point of the PTS integrity
assessmenare the welds. The chosen reactor pressure vessel containgitaamferentialweldsin

the beltline regionnamely the coreveldand the flange weld. The core weld is relatively far away from
the canical partof the RPYclose to the RPV nozzJes it is not notably affected by the difference in

the geometry, however the conical part can have a significant effect on the flange weld $inass.

the comparison of the two welds is also important. In these calculations cold leg and ambient (outside
plume) positions were investigateasthe circumferential angle. The effect of the cladding thickness
wasalso investigateds it can vary during the manufacturing of the RPV. Another investigated case
was elated to the usedsize oftime steps of the TH data. The results of the TH calculations were
available up tdl0 000 ©of the transient where the time step was 1 4 s depending on the partner

For 1D simulationg smalktime stepdoes not cause a major problem, but it greatly increases the run
time of a 3D simulation, so the effect of thiene step size andimplification of the datavas also
checked. Other effects investigated were the uniformity of the TH data and the dessity.

The following workvasperformed:

1 Numerical (e.g.Finite Elements) calculations to determine the temperatuned stress
distributionsin the RPV wall for theubsequenfracture-mechanics assessment

9 Evaluation otemperatureand stresdistributions through the RPV walln the location(s)of
the postulatedflaws asspecifiedin the benchmarkdefinition

1 Determination oftemperatureand stresglistributions for the sensitivity cases.

2.1 Input data
2.1.1 RPV geometry

The investigatedeactorwasa four-loop, 1300 MWe PWR of the type built 8iemens/KWU, such as
the PWR at Grafenrheinfeld. In the neaore region, the proposed fotdoop RPV hathe following
dimensions

- internal diameter of 480 mm in the downcomer
- wall thickness of 243 mm in the base/weld material and
- 6 mm claddinghickness.

Details of the relevant RPV geometry (core region and nozzles) are shéiguiie2.1.

12
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Figure2.1: Geometry othe KWUreactor pressuresessel andts nozzles
2.1.2 Material Properties

The base material is assumed to be ferritic steel 22NiMoCr37, and the material number of the
austenitic stainless steel cladding is 1.4551. For the simulations the-btestic material model was

FLILX ASR® LYy GKA& OFaS F2N) 6KS YSOKFYyAOFf LINRLISN
Pda a2y Qa NIGA2 A& adzFFAOASYGd ¢KS RSyaade 27 GKS
Furthermore the relevant temperature dependent material properties of the RPV are presented in
Table2.1 and

Table2.2.

Table2.1: Material properties of the base metal (22NiMoCr37) and the weld metal

“Y°C] 20 (Y) 100] 200 300 350
O[MPa] | 206000| 199000| 190000| 181000| 172000
NS 0.3 0.3 0.3 0.3 0.3
_@w2KOY 444 444 432[ 418 394
8 @WKk 6| 045 049 052 056| 061
| [10%/K] 10.3| 111 121 129| 135

13
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Table2.2: Material properties of the austenitic cladding
“Y[°C]| 20 (Y) 100 200 300 400

O[MPa]| 200000| 194000 186000 179000| 172000
"] 03] 03] 03] 03] 03
_®2koY 16 16 17 17 18
6 owk ¢ 05/ 05/ 054/ 054 059
| [L0°/K] 15 16 17 19 21

In the tables the reference temperature for thermal expansidh, is 20°C(the temperature, from
which is defined the thermal expansion for establishing itihean thermal expansionoefficient| ),
however for the consideratiorof stressfree state in cladding with initial transient temperature
(291.042°C), the temperature has to be changed in soases as the thermal expansion coefficient

dependson it.
2.1.3 Boundary conditions

The following boundary conditiongere applied for the simulations:

- Thermal inside:
0 Liquid temperature (fronTH analysis
0 HTC (fronTH analysis

- Thermal outside:
0 Adiabatic or

o 0Y0 pW/m2Kand"Y 1T fiC

- Mechanical:
o0 Inner pressure at the cladding wet surface (froi analysjs
o Outer pressurer) mMPa

0 End cap pressure for axial streggplied to end crossection ofa RPV model
0 Fixed displacement at the other side of the RPV

The stresdree state in RPV is satinitial transient temperature (291.042°@or the onsiderationof
stressfree state in RP¥t initial transient temperature (291.042°@)conversiorof thermal expansion
coefficienth could be required depending on the used code.

2.2 Sensitivity analyses
2.2.1 TH input from RELAP

Theinput data for the benchmark taskere received from WP2vhere for the generation of thermal
hydraulic (TH) datthe RELAPS code was applie¢tbwever, due to the geometric limitatiorof a 1D
FEM structural analysishad to be simplifiedTherefore, so called 0D/1D/2D simulatidkidata were
generated. Here thedenotation 0D/1D/2D is related to the TH data simplification and has no
relationshipto the 1D/2D3D symbolsrelated to the FEM model for structural analys@&sble2.3
containsthe RELAPdata caseswith their explanations.

14
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Table2.3: RELAP5 TH data variations

Numbe| Description of the Case Evaluation of RELABata

el Elevation (height) | Azimuth (circumference)

Casel | OD¢ average average average

Case2 | 1D¢ core weld 2638 mm (V05) | average

Case3 | 2D¢ core weld/coldplume 2638 mm (V05) | 202.5° A095 lelow HP
injection)

Cased | 2D¢ core weld/ambient 2638 mm (V05) [ 337.5° A-098ambient)

Cases | 1D¢ flange weld 1130 mm* (VO3) | Average

Cases | 2D¢ flange weld/coldpolume 1130 mm* (V03) | 202.5° A-095 telow HP
injection)

Caser/ | 2D¢ flange weld/ambient 1130 mm* (V03) | 337.5° A-098 ambient)

* the flangeweld elevation is 1350 mm, howevghe RELAPS nodalisation has only evaluated 1130mm

The elevation and azimuth values in the RPV give the position in the downcomer from where the TH
datawere obtained for the structural analysis. As it can be seen fRogure2.3> w9 [ !t p A RA GA R
downcomerheight into 11 partsamedasV01 to V11 as stated iFable2.5, where the elevations are

given in the middle of these volumes). Along the circumferencaeltivencomeris divided into 8 parts

(named as DC channels 0948), where the azimuthal angle (as it is showhable2.4) is given in the

middle of these parts. For every cell (in total 11x8 cells), temperature and HTC distributions were
generated which are time dependent. Therefore, the 0D/1D/2D cases mean the following:

- 0D simulation: In the whole geometry the TH inputs were averaged and are time dependent.

- 1D simulations: at the given elevation (2638 mm or 1130 mm) the TH inpuivdagsaveraged
along the circumference and are tindependent.

- 2D simulations: the TH inputgere from a specific position of the downcomer (V05 and DC
channel 095; V05 and DC channel 098; V03 and DC channel 095; V03 and DC channel 098)

Table2.4: Azimuthal positions of inlet/outlet Table2.5: Elevation of DC volumes

nozzles
Nozzle Noof DC Azimuthal Volume Elevation [m]
channel in R5 angle Vo1 +0.5725
model V02 0.0
CL1 A-091 22.5° V03 -1.13
HL1 A-092 67.5° V04 -2.083
HL2 A-093 112.5° V05 -2.638
CL2 A-094 157.5° V06 -3.3215
CL3 | A095 202.5° Vo7 -3.9745
HL3 A-096 247.5° V08 -4.6275
HL4 | A-097 292.5° V09 -5.2809
CL4 | A098 337.5° V10 -5.9335
V11 -6.5155
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HL1 90° HL2

HP injection
QLZ

HP injection

CL4 CL3

HL¢:I- 270° |.|“|_3
Figure2.2: Azimuthal position of hot and cold legs
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Figure2.3: RELAPBIodalization of reactor

The aim was to compare the averaging effects sndelect the appropriate TH data for flange and
core welds. The seven cases were therefore compared where the values were generated from the
averaging of the results of all the partners. The most relepasition for comparing the resulisthe
position ofthe crack tip, this was chosen to lrethe depth ofLl6 mmfrom the inner surfacgtherefore
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Figure2.4 shows the temperature distribution as a function of time, whitigure2.5 illustrates the
stress profiles at this value for the 7 cases.

Temperaturedistribution at 16 mm

350
300 —Casel ——Case?2
Case 3 Case 4
0250 —Case5 —Caseb
o —Case 7
5 200
=
2 150
£
2 100
50
0
0 2000 4000 6000 8000
Time [s]

Figure2.4: Comparison of temperaturéime evolutionfor the 7 cases

Hoop stressat 16 mm Axial stressat 16 mm

350 300
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- «
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Figure2.5: Comparison of stress profiles for the 7 cases

From these curves, it is difficult to determine which case gives the most conservative results, so the
differences at thepredefined time steps were also compared, which are shown in MPa and in
percentages irFigure2.6, where the comparison was based on Case 3 and therefore its values are
zero.

1(2'::;¢d)(¢d)t¢d)(¢o’u<¢d)(¢d)(¢(b(¢(b(¢d)T T T T T T T T T
tip) t=6s  t=30s t=300s t=600s t=1200s t=2400s t=3600s t=4800s t=6000d t=6s t=30s t=300s t=600s t=1200s t=2400s t=3600s t=4800s t= 6000 g
Casel | 291.0246 290.9865 291.0717 283.0639 227.4962 163.4227 124.0889 94.29672 75.3092$7> 0.00%2> 0.00% Ak 1.24%#h 1.66% AR 6.34%Ah 7.67%#h 11.90% Hh 13.69% A 8.099
Case2 | 291.0243 290.9927 291.4319 283.1341. 221.5777 159.2739 118.3109 89.47096 70.6112$=> 0.00%=> 0.00% Ak 1.36%Ah 1.68%Ah 3.58% Ak 4.94%h 6.69%Ah 7.87%Ah 1.359
Case3 | 291.0361 290.9845 287.5198 278.4552 213.9295 151.7742 110.8964 82.9418 69.6701¢=> 0.00%- 0.00%=> 0.00%=» 0.00%=» 0.00%=» 0.00%=» 0.00%=> 0.00%=> 0.00%
Cased | 291.0249 291.0525 293.2582 284.9182 224.9799 162.678 121.2822 92.4583 71.7590¢=> 0.00%=> 0.02%Ah 2.00%fh 2.32% Ak 5.17%Ak 7.18%fh 9.37%Ah11.47%Ah 3.009
Case5 | 291.0192 290.987. 291.0518 285.6972 222.9435 159.9724 119.2041. 89.65766 70.5836%=> -0.01%=> 0.00% Ak 1.23%Ah 2.60%Ah 4.21% Ak 5.40%Ah 7.49%Ah 8.10%Ah 1.319
Case6 | 291.0315 290.9794 286.3009 278.1714 211.3127 150.1316 109.9942 83.03464 69.1974%2> 0.00%=2> 0.00%=2 -0.42%<2> -0.10% Wl -1.22% W -1.08%> -0.81% 2> 0.11%<2>-0.68%
Case7 | 291.0197 291.0484 293.6068 288.4346 227.5466 164.217 122.7935 92.78156 71.891345> -0.01%=> 0.02%Ah 2.12%#h 3.58% AR 6.37% Ak 8.20%h 10.73%Ah 11.86% Ak 3.199
16 mm RSy HIED ook [REET) ) [RBET) IR (RS IS Hoop Hoop Hoop Hoop Hoop Hoop Hoop Hoop Hoop
(crack S RGeS S Hiosy M s s s stress  stress  stress stress] stress  stress  stress  stress  stress
tpy | (MPal [MPal - [MPal  [MPal  [MPa]  [MPa] ~ [MPa]  [MPa]  [MPal [ g " o0 (3005 t=600s (=1200s (=2400's =3600s (=4800S {=6000S
t=6s t=30s t=300s t=600s t=1200s t=2400s t=3600s t=4800s t=6000 s|
Casel | 157.0024 146.0549 82.13977 96.8638 220.588 257.451 220.8348 178.9129 132.431=> -0.18%Wb -1.21% Wb -11.68% W -10.84% W -12.19% W -2.46% W -2.07% Ak 2.64%Ah 9.939
Case2 | 157.3789 147.973. 81.27159 97.14193 235.7219 255.5607 223.133.. 176.0638 130.77932> 0.06%=> 0.09% W -12.61%Wp -10.59% W -6.16% W -3.18%p -1.05% A 1.00% A 8.56%
Case3 157.292 147.8386 92.99978 108.6439 251.2081. 263.9491. 225.5073 174.3122 120.466[=> 0.00%=> 0.00%=> 0.00%=> 0.00%=> 0.00%=> 0.00%=> 0.00%=> 0.00%=> 0.00%
Cased | 157.3784 147.7765 75.81684 92.94787 228.4437 251.2199 222.4994 175.7758 133.8294=> 0.05%=>-0.04% W -18.48% W -14.45%y -9.06% Wy -4.82%p -1.33%=> 0.84%p 11.09
Case5 | 157.3789 147.9727 82.41297 89.05106 233.3767 255.862 222.925.. 177.9154 132.158%%> 0.06%=> 0.09%Wy -11.38% ¥ -18.03% b -7.10% -3.06%l -1.15% A 2.07%h 9.719
Case6 | 157.3795 148.036%. 96.7818 108.9777 256.8088 264.8204 224.1822 170.977 119.61;% 0.06%2 0.13%#Ah 4.07%2 0.31%Ah 2.23%2> 0.33%2> -0.59% W -1.91% 2> -0.70%
Case7 | 157.3784 147.7714 74.79291. 82.08695 223.8555 251.0138 222.5577 179.0935 135.98 0.05% 2> -0.05% W -19.58% Wl -24.44% s -10.89% W -4.90% W -1.31%Ah _2.74%#h 12.88Y
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16 mm e el i o o — o s R Axial Axial Axial Axial Axial Axial Axial Axial Axial
(crack SHEES SileEs Sless SIEES SIEES SIEES Sl SEES Silees stress stress stress stress stress stress stress stress stress
tpy | MPal  [MPal - [MPa] - [MPa]  [MPa]  [MPa]  [MPa] - [MPa] - [MPa] | o a0 1300 t-600s  (=1200s (=2400s (=3600S t=4800S t=6000'S

t=6s _ t=30s  t=300s t=600s t=1200s t=2400s t=3600s t=4800s t=6000s|

Casel | 71.37985 66.47135 37.57105 57.43013 191.7026 240.7786 212.8636 175.4427 128.067=> -0.22% -1.27% W -22.34% W -17.12% W -13.90% Wy -2.69% ks -2.23% A 2.63% Ap 10.369
Case2 | 71.56521. 67.3502 36.57778 57.74446 207.025.. 238.9794 215.2879 172.7048 126.4278=> 0.04%=> 0.03% W -24.30% W -16.67% -7.02%Wy -3.42%p -1.11% A 1.03% A 8.959
Case3 | 71.53604 67.3276 48.37658 69.29703 222.6589 247.4465 217.7105 170.9406 116.0406Z> 0.00%=» 0.00%=> 0.00%=> 0.00%=> 0.00%=> 0.00%=> 0.00%=> 0.00%=» 0.009
Case4 | 71.56463 67.16033 31.09879 53.53791. 199.6984 234.6072 214.6472 172.4039 129.488%3> 0.04%=2 -0.25% W -35.72% W -22.74% W -10.31% -5.19% W -1.41%> 0.86%#h 11.59
Case5 | 71.56524 67.34988 37.72331 49.60236 204.6727 239.289 215.0924 174.5636 127.8128=> 0.04% > 0.03% Wy -22.02% ) -28.42% ks -8.08% s -3.30% b -1.20% Ak 2.12% A 10.149
Case6 | 71.56578 67.41356 52.1566 69.58723 228.2818 248.3164 216.370.. 167.5776 11519323 0.04%= 0.13%Ah 7.81%= 0.42%A 2.53%= 0.35%D -0.62% W -1.97%2> -0.739
Case7 | 71.56457 67.14756 30.06696 42.62489 195.0737 234.3907 214.6956 175.7414 131.66082> 0.04%= -0.27% W -37.85% W -38.49% W -12.39% W -5.28% b -1.38% Ak 2.81%#h 13.469

Figure2.6: Percentage and absolute differences in 7 cases compared to Case 3

The comparisonshow that lower value®f temperature are only observed iGase 6, where the
circumferential angle is the sambut the elevation ishigher (flange weld). For this reason, higher
values are observed for the circumferential and axial stress€asa 6. The difference betwediase

3 (202.5°) anfase 4 (337.5°) is the circumferentpasition, from where the TH data are takefs can
be seen from the tableCase 3 shows higher stress values and there@ases 4 andCaser (ambient)
have beerexcluded fom the future simulations.

2.2.2 Comparison betweerii K S

LI NI YySNEQ NBadzZ Ga

As described in the previous sectid@ase 3 was chosen as the focusTagk3.1, and the comparison
of the partners' results is presentddr this case.

The software or ifhouse codes used by the partners for the simulations were FANRBSTABAQUS,
ANSYS, MSC.Marc Mentat, PSCAL, SMaster, Systus and Verload.

Comparison of partnef¥esultsfor temperatures, hoop andxial stresesas a function of timéor the

crack tip position is shown Irigure2.7 to Figure2.9. From the diagrams it can be seen that the final
differences between the results of the partners are less than 5% compared to the previously
introduced reference curve. The only exceptionai2D axisymmetric modelvhich was done
additionally to 1D modelThe core weld is relatively fawayfrom the conical part close tthe RPV
nozzles, therfore it only hasminor effecton resulting stressesiccording to other calculations, the
conicalpart has a much more significant effect on tffengeweld stresssee sectior2.2.4.1
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Axial stress at 16 mm Differences in axial stress at 16 mm *BIN
350 I I H FRA-G
——B2ZN ——FRAG 5.00%
300 ——1pp JAEA Alpp
_ g:f'\ —Jsl —oca + JAEA
T 250 . T .
f’ ——Psl TEC * 1 L8
= 500 ~ UV 1D UIV 2D e« ¢ + T WA
8 ] —WUT Reference o ‘ ! 3 n A
£ 150 i 0.00% T‘ i Ty : & N o eoc
s
x ] L psl
& 100 a ® Py A +
- /’ S TEC
v UV 1D
0 ' -5.00% uv 20
0 2000 4000 6000 8000 10000

time [s] 0 1000 2000 3000 4000 5000 6000 7000  mwut

Figure2.9:/ 2 YLJ NRA &2y 2 F LJ NIy S NRutohd tndz{Case 3)2 F | EA | f
2.2.3 3D Simulations
Beside the 1D simulations of RPV 3D calculations were also generated by different partners. In the

followings the models created by them, the boundary conditions used and some of the results are
briefly introduced.

All of the following resultsvere taken out from the core weld (2638 mm) and cold leg (202.5°)
positions.

The first comparison was done witthe same RELAP TH input data udmdall partners The

comparisons of temperature and hoop stress distribution as function of time at the craaegpown
in Figure2.10.

Temperature at 16 mm Hoop stressat 16 mm
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Figure2.10: Temperature [°C] and hoop stress [MPa] distribution as a function of tfiorethe same
TH input data

The second comparison was done with the base case simulation versions of the partners. Here three
types of TH data were used RELAP, KWNX) and TRACE. The comparisons of temperature and hoop
stress distributios as functionof time at the crack ti@re shownin Figure2.11. Evenin case of the
temperature large differences can be seen, which resuttitthe different TH data. It has to be noted

that in case of the TRACE results this large difference is due to the linear extrapolation of the results
from the wall thickness of 26 mm and 46.5 mm as there were no other nodes between 6 mm and 26
mm. This should therefore be taken into account when interpreting the cullso in case of the KwWU

MIX data the cold plume was also considertterefore the data are taken from 180° where the
coldest wall temperaturesccur at the elevationf the core weld (2638&m), which is the position of

the merging cold plumesn thecase of theother TH data thisnalyseccircumferential anglgosition

was 202.5{in-plume position)
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Temperatureat 16 mm Hoop stressat 16 mm
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Figure2.11: Temperature [°C] and hoop stress [MPa] distribution as a function of time with
different TH input data

2.2.4 Other locations

2.2.4.1 Flange weldocation

As mentioned previousjybesides the investigation of the core weld the flange weld was also
considered. The core weldlscatedat the elevationof 2638 mm where the thickness of the reactor
pressure vessel wall is uniform. The flange weld is locatdteatlevation ofLl350 mm which is already
very close to the nozzle arekurthermore,the thickness of the vessstarts increasing above the
flange weld which carinfluencethe stress distributionn the location of the flange weld

Several partneginvestigated the effect of the flange weld location with either 1D or 3D FE method
and with either input froma system code (e.g. RELAP) or frasystemcodein combination witha
mixing codeAll the investigations showed the same trend, but with different quantities. The impact
of flange weld location itlustrativelyshownin Figure2.12 and Figure2.13 (results considering RELAP

input at relevant locations). The results for the flange weld location from 3D FE with input from RELAP
in combination with mixing code are givensiection8.1

Temperatureat 16 mm
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Figure2.12: Temperature variation at crack tip of th&PV wall for the core weld and the flange
weld below the cold leg
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Hoop stressat 16 mm Axial stressat 16 mm
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Figure2.13: Hoop stress and axial stress variation at crack tip of the RPV wall for the core weld and
the flange weld below the cold leg

2.2.4.2 Outside cold plume location

The location outside plume was chosen to be below Ctideaazimuth 337.5° (far away frothe cold
injection leg CL2 and CL3), see sectih@.l Several partnesinvestigated the effect of the outside
plume location with either 1D or 3D FE method and with irgithier from a system code (e.g. RELAP)
or from a systemcodein combination witha mixing code.

The results anthe comparison with inside plume location showed, that temperatures below the CL2
and CL3 nozzles (volumes 688land 09505) where the ECC water is injected and the plume is formed,
are lower than the temperatures below other nozzles during most of the teansAs expected, this
yields higher stresses in the tveold plume locations than in the other locations. Results for outside
plume location and comparison with inside plume location can be made by considering the results
provided in gction8.1.1and8.1.3

Figure2.14 shows the comparison between 3D (ABAQUS) and 1D (FAVOR) results at the core and
flange weld elevations, and both at the outside plume location below CL4 centreline and with the
addition of the ABAQUS results for the alternative outside plume locatiombiglo2. The results at

the core weld elevation are presented Figure2.14-right, where it is shown that while the inner
surface temperatures of the 2 outside plume locations are practically identical, the stresses below HL2
are slightly lower than below CL4, the latter very well reproduced by FAM@Re2.14-eft presents

the results at the two outside plume locations, but at the flange weld elevation. While the
temperatures are also very much the same, we can see again some discrepancy on the stresses. As
concluded inD3.1[1], FAVOR clearly deliwtower stresses at the flange weld since the 1D
approximation cannot account for close proximity of the thicker part of the RPV and nozzles. The
ABAQUS hoop stresses below HL2 are again lower than below CL4, however, the axial stresses are
practically thesame as can be seen in the figure inset.
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Figure2.14: RPV innessurface temperatures (top), hoop (bottom) and axial (botteimset) stresses
at the core weld (right) and flange weld (left) elevations, both at the outside plume location below
CL4 (favor and abaqus) and below HL2 (abg. HL2)

2.2.4.3 Nozzle corner

Stress and temperature fields for the nozzle corner (cold leg) have only been calculated with 3D FE.
Results for nozzle corner location and comparison with inside plume location at core weld can be made
by considering the results provided in sectibid.land8.1.4

2.2.5 Mesh refinement

Several partners investigated the effect of mesh refinem8ifterent variants of mesh refinemeri
combination with linear or quadratic elementgere selected and analysed. Details about all results
from all partners are given ii].

lllustrativelythe results on mesh refinemeim case of the 3D simulaticare presented where the FE
modelslisted inTable2.6 were usedTwo typesof global modelWere created, one with linear elements
where the full model was made and one with quadratic elements where only half of the reactor
pressure vessel wasiodelled Thereafter from the first versiomefined local models were also
generated where the number of elements were increased as shown in the table.

Table2.6: Properties of the investigated mesh types

Name Model version Order of refinement Hements in the | Hements in the
cladding base metal

Mesh 1 Linear model Linear(full model) 3 10

Mesh 2 Linear (local model) 3 38

Mesh 3 Linear (Local model) 6 76

Mesh 4 | Quadratic model Quadratic(half model) 3 10
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The temperature distributioffior all 4 mesh versions were in excellent agreement, however in case of
the hoop and axial stressmalldeviations could be noted as it is also illustraiadrigure2.15 and

Figure2.16.
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Figure2.15: Influence of the meshefinementon the hoop stress
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Figure2.16: Influence of the meskefinementon the axial stress

2.2.6 Time steps

3000

3000

The effect of the size of the time stepvas investigated to see how the simplificatiasf longer
timestepscould be applied. The input dataresults of TH calculationshad a duration of 10 0086,

where the time step was &. This is not a major problem for 1D simulations, but the runtime of a 3D
simulation would be too long, simput data simplification was considered. For both 1D and 3D
simulations, we used the Case3 presented earlier. For the 1D simulation, 4 different time steps were
considered: k,2s, 5s and 16s. With these values the number of time steps can be reduced from
10000 to 5000, 2000 and 100Bigure2.17 and Figure2.18 shows the differencdetween solution

with 2 s, 5 s and 10 s time steps and solution with 1 s time siefhe hoop stress at the inner surface

of the RPV and dhe cracktip location (16 mm) This shows that the result obtained with 10 s time
step is higher/lower thahat one with 1 s time step by more th&® MPa. This results inralative
difference of about 5%. The results obtained with the tine step are in fairly good agreement with

the original version, but the number of time steps sexetn betoo large in this case too.
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Figure2.17: Absolute and relative difference of the hoop stress as a function of time step at the
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Figure2.18: Absolute and elative difference of the hoop stress as a function of time step at the
crack tip (16 mm)

2.3 LTO improvements

In WP2 nine types of loAgrm operation improvements and human actions were simulated which are
listed in Table2.7. The thermohydraulic simulations fohe LTO improvements ofask 2.1 were
performed with different system codes and mixing codes, namely AT{itidiiding submodule EEC

MIX), RELAPS, TRA& KWUMIX.Further information is given in D2[4].

Table2.7: Investigated LTO improvements and human factors

Index Naming in
B
LTO1 Heating of water in the HPIS tanks (T = 45°C)
LTO2 Heating of water in the ACCs (T = 50°C)
LTO3 Heating of water in the LPIS tanks (T = 45°C)
LTO4 Decreasing the HPSI head (75%)
LTO5 Decreasing the HP&pacity (75%)
LTO6 Reduction of HPIS flow (operator action) at 1800
LTO7 Decreasing of ACC pressure (20 bar)
_ LTO8 Change of cooldown rate (operator action) to 20
_ LTO9 Isolation of ACCs (operator action) at 500
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2.3.1 Results from 1D FE

For everyLTO improvemenincluded inTable 2.7 1D simulations wergperformed by different
partners. In every 1D simulation the TH data were generated the same way as in(€zeEaBle2.3).
In the following subsectionthe resultsfrom one partnerare shownfor exemplarily More details
about all results are given [d].

2.3.1.1 LTO1z Heating of water in the HPIS tanks (T = 45°C)

In case of the TH datde heating of water in HPIS tankss simulated by increasing the injection
temperature from the reference value of 15 °C to the LTO value of 4e&alculations showed that

the increased injection temperature results in a higher water temperature in the DC during the whole
transient. The proposed LTO development until the ACCs start (about 2790 s) has an impact on the
break flow and fluid leveld herefore, it wagpreliminarilyconcludedin WP2, based on the TH results
only,that the LTO improvement could potentially be beneficial for PTS.

The obtained hoop stress and temperatuaRd the comparison witlthe base case result to see the
impact of LTOmprovementNo. lare shown inFigure2.19 (TH input from RELAP) andHigure2.20
(TH input from TRACHe structural analys results confirmed the expectations from TH calculations
on beneficial effect of LTO improvement No. 1.
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Figure2.19: LTO1 results of JAEA interpolated to the 16 mm of RPV wall thickness, with RELAP
(WUT) TH input data
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Figure2.20: LTO1 results of TEC interpolated to the 16 mm of RPV wall thickness, with TRACE (PSI)
THinput data

2.3.1.2 LTO2z Heating of water in the ACCs (T = 50°C)

In case of the thermal hydraulic calculatiohg theating of water in thaccumulator tanksACG) was
simulated by increasing the water injection temperature from the reference value 6€20 50C.
The LTO improvement resattin slightly higher temperature in the DC after the beginning of the flow
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from ACCsTherefore, from TH analysesn WP2it was preliminarilyconcluded thatthis LTO
improvement provides no significant benefit from a PTS perspective.

The obtained hoop stress and temperature and the comparison with base case result to see the impact
of LTO improvemenio. 2are shown inFigure2.21 (TH input from RELAP), kigure2.22 (TH input

from TRACE) and sigure2.23 (TH input from ECG®IIX,
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Figure2.21: LTO2 results of JSI interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT)
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Figure2.22: LTO2 results of PSI interpolated to the 16 mm of RPV wall thickness, with TRACE (PSI)
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Figure2.23: LTO2 results of GRS interpolated to the 16 mm of RPV wall thickness, witmMBCC
(GRS) TH input data

2.3.1.3 LTO3z Heating of water in the LPIS tanks (T = 45°C)

The heating of water in the LPI tankassimulated by increasing the injection temperature from the
reference value of 15 °C to 45 “TheRELARalculations shoed that there is insignificant impact on
the water level and water temperature in the DC till the endh&f transient.Similarly to this, in case
of the TRACE simulatigrnf®r this particular transient, heating of LPIdhanly a very small benefit
Therefore, the studied LTO improvementill probably notprovide benefit from a PTS perspective.
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The obtained hoop stress and temperature and the comparison thigtbase case result to see the
impact of LTO improvememo. 3are shown irFigure2.24 (TH input from RELAP) andHigure2.25
(TH input from KWWAIX).
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Figure2.24: LTO3 results of BZN at the 16 mm of RPV wall thickness, with RELAP (WUT) TH input
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Figure2.25: LTO3 results of IPP at 16 mm of RPV wall thickness, with H#WU(FRAG) TH input
data

2.3.1.4 LTOA4z Decreasing the HPSI head (75%)

The decreasing of the HPI pump headissimulated by scaling the pressure component of the HPI
pump curve down to 75% d@f reference value

The obtained hoop stress and temperature and the comparison thigtbase case result to see the
impact of LTO improvememo. 4are shown irFigure2.26 (TH input from RELAP) andrigure2.27
(TH input from EGWI1X).
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Figure2.26: LTO4 results of KIWA at 16 mm of RPV wall thickness, with RELAP (SSTC) TH input data
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Figure2.27: LTO4 results of TEC interpolated to the 16 mm of RPVthiakness, with EGBIIX
(GRS) TH input data

2.3.1.5 LTOb5z Decreasing the HPSI capacity (75%)

The dcreasing of the HPI pump capacity was simulated via scaling of the flow component of the HPI
pump curve down to 75%-rom the TH simulations it was concluded that by decreasiagate of

cooling (via HPI pumps) the coolant temperatures can be reduced to some extent as well. Based on
the results theTH expertsn WP2assumedhat the analysed LTO improvememtay potentially affect

the results of RPihtegrity analysis. However, they stated that the effeetedsto be confirmed using
thermo-mechanical and fracture mechanics simulations

The obtained hoop stress and temperature and the comparison thigtbase case result to see the
impact of LTO improvememo. 5are shown irFigure2.28 (TH input from RELAP) andHigure2.29
(TH input from TRACEJhe structural analyses results confirmed the expectatifsos the TH
calculationghat LTO improvement No. Bas abeneficial effect.
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Figure2.28: LTOS results of JAEA interpolated to the 16 mm of RPV wall thickness, with RELAP
(WUT) TH input data
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Figure2.29: LTOS results of PSI interpolated to the 16 mm of RPV wall thickness, with TRACE (PSI)
TH input data
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2.3.1.6 LTOG6z Reduction of HPIS flow (operator action) at 1800s

In the TH calculation$é reduction ofthe HPIS flow byhe operatorwassimulated by switching 6.

of 2 HPIS pumps 1800 s after the initiation of the brddide calculations shawd that the reduction of

HPI injectiorresults in a higher temperature of the water in tB€starting at 1800 sAdditionally, the
lower break flow, the lower water level in the DC and the higher void fraction is observed after this
operator action. Therefore, in thé&/P2it was concluded that thisTO improvement could potentiga

be beneficial from a PTS perspective.

The obtained hoop stress and temperature and the comparison thitbase case result to see the
impact of LTO improvememo. 6are shown irFigure2.30 (TH input from RELAP) andrigure2.31

(TH input from KWWIX).The structural analyses results could not fully confirm the expectations from
TH calculations on beneficial effect of LTO improvement No. 6, as the global maximum of stress
(reached approximatelat the time 1800 «; the time of operator action) did not change and the
reduction of stress at the late phase of transient is not significant. Therefore, fracture mechanics
calculationsare necessary fahe evaluation of LTO improvement No. 6 effect.
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Figure2.30: LTOG results of UJV at 16 mm of RPV wall thickness, with RELAP (WUT) TH input data
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Figure2.31: LTOG results of BZN at 16 mm of RPV wall thickness, with #¥AU(FRAG) TH input
data in the middle of the plume

2.3.1.7 LTO7z Decreasing of ACC pressure (20 bar)

In the TH calculationghe LTO improvement of decreasing of ACC pressure was modelled by
decreasing the initial pressure opening setpoint in the ACCs from the nominal value of 2.6 MPa to 2
MPa. In case of the RELAP calculations the results showed that the decrease of theegsQfe pr
slightly increases the water temperature in the DC, howéhwelTH experts in WR®ncluded that the
studied LTO improvement provides no significant benefit from a PTS perspective.

The obtained hoop stress and temperature and the comparison thigtbase case result to see the
impact of LTO improvememo. 7are shown irFigure2.32 (TH input from RELAP) andFigure2.33
(TH input fromlRACE
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Figure2.32: LTO7 results of WUT interpolated to the 16 mm of RPV wall thickness, with RELAP
(WUT) TH input data
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Figure2.33: LTO7 results of TEC interpolated to the 16 mm of RPV wall thickness, with TRACE (PSI)
TH input data

2.3.1.8 LTO8z Change of cooldown rate (operator action) to 200K/h

During the THcalculation he increase of the secondary side cooldown ratethy operator was
simulated by incredsgthe cooldown of the secondary side from 100 K/h to 200 Kkre proposed
LTO improvement resultlin the increase of the water temperature in tBeCafter 2000 sin the D2.1
report it was stated that e studied LTO improvement could potentially be beneficial from a
perspectiveof higher water temperature in DC, but at the same time, it could be detrimental from a
perspective of the faster pressure drop in.D@erefore, it was determined that the overall benefit of
thisLTO improvemerghould be verified by the structural analysis.

The obtained hoop stress and temperature and the comparison with base case result to see the impact
of LTO improvemenritlo. 8are shown irFigure2.34 (TH input from RELAP) andrigure2.35 (TH input

from KWUMIX). The structural analyses results could partially confirm the expectations from TH
calculations on beneficial effect of LTO improvement No. 8, as the temperature increased, and the
global maximum of stress decreased. Nevertheless, based on RELAP THaradctieg stresses at

the late phase of the transient slightly increased. Therefore, fracture mechaalcslationsare
necessary for evaluation of LTO improvement No. 8 effect.
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Figure2.34: LTOS results of JSI interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT)
TH input data
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Figure2.35: LTOS results of IPP at 16 mm of RPV wall thickness, with #AJFRAG) TH input
data

2.3.1.9 LTO9z Isolation of ACCs (operator action) at 500s

In case of LTO9 the results from the system analysis performed with RELAP5, were repeated with the
addition of a time for ACC isolation at 500 s. Because the pressure for this break size does not decrease
to 26 bar until after 500 s, the ACCs were isolabedore they could inject. In case of the TH
calculations, it was concluded that this action has no significant effect.

The obtained hoop stress and temperature and the comparison thigtbase case result to see the
impact of LTO improvememo. 9are shown irFigure2.36 (TH input from RELAP)
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Figure2.36: LTO9 results of IPP interpolated to the 16 mm of RPV wall thickness, with RELAP [WUT)
input data

2.3.2 Results from 3D FE

Besids the 1D calculations3D simulations were alsperformedfor the LTO case#n the following
subsectionsresults from 3D simulations are presented for the most important LTO cases (LTO1, LTO4,
LTOS5, LTO6 and LT@8yfor the other LTO cases can be foungilinin general, the results are similar
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and show the same trend than those from 1D simulations shown in SeziohThe stresses and
temperature profiles given are faore weldelevationunder the cold leg positian

2.3.2.1 LTO1z Heating of water in the HPIS tanks (T = 45°C)

Theresults atcore weldelevationunder the cold leg positiofrom 3D calculationgre given irFigure
2.37 (TH input from KWWA1X), in Figure2.38 (TH input from RELABNd inFigure2.39 (TH input from

TRACE
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Figure2.38: LTO1 of IPP at 16 mm of RPV wall thickness, with RELAP (WUinput data.

32



APAL (945253) D24 ¢ Public Summary Report of WP2

350 350
300 — fTa;i Case 300 ——Base Case
Y 250 £ 250 Lol
:u =3
5 200 w 200
2
g 150 % 150
E o
g 100 2100
= T
50 50
0 T 0 T
0 5000 10000 0 5000 10000
Time [s] Time [s]
350
300 — Base Case
£ 250 -
=3
w» 200
4
5150
% 100
<
50
0 T
0 5000 10000
Time [s]

Figure2.39: LTO1 results of PSI extrapolated to the 16 mm of RPV wall thickness, with TRACEHRgut
data

2.3.2.2 LTOA4z Decreasing the HPSI head (75%)

The results atore weldelevationunder the cold leg positiofrom 3D calculations are given kigure
2.40(TH input from RELAP) andrigure2.41 (TH input from TRACE).

Interestingly in case of the simulations with RELAP input data the resulting temperature and stress
fields similarly to the 1D results have some deviation from the base case, however no differences can
be noted in case of the simulations done with TRAPH idata.
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Figure2.40: LTO4 results of BZN at 16 mm of RPV wall thickness, with RELAP ($Ein@yt data.
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Figure2.41: LTO4 results of PSI extrapolated to the 16 mm of RPV wall thickness, with TRACEHRgut
data.

2.3.2.3 LTOb5z Decreasing the HPSI capacity (75%)

The results atore weldelevationunder the cold leg positiofrom 3D calculations are givenkigure
2.42 (TH input from RELAP).
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Figure2.42: LTOS5 results of BZN at 16 mm of RPV wall thickness, with RELAP (SSTC) TH input data.
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2.3.2.4 LTO6z Reduction of HPIS flow (operator action) at 1800s

The results atore weldelevationunder the cold leg positiofrom 3D calculations are given kigure
2.43(TH input from RELAP) andFigure2.44 (TH input from KW1X).
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Figure2.43: LTOG results of BZN at 16 mm of RPV wall thickness, with RELAP [WUiiput data.
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Figure2.44: LTOG results of SSTC interpolated to the 16 mm of RPV wall thickness, withMIX¥WFRAG)TH
input data.
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2.3.2.5 LTO8z Change of cooldown rate (operator action) to 200K/h

The results atore weldelevationunder the cold leg positiofrom 3D calculations are given kigure
2.45(TH input from RELAP) andFigure2.46 (TH input from KW1X).
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Figure2.45: LTOS8 results of JSI interpolated to the 16 mm of RPV wall thickness, with RELAP TWUnput

data
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Figure2.46: LTOB8 results of FRA at 16 mm of RPV wahickness, with KWEMIX (FRAG) TH input data
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2.4 TH uncertainties
2.4.1 Uncertainties in TH data analyses for Wilks

Evaluation of TH uncertainties and their distributitvase been performeth WP2covering the model

and computercode uncertainties, planincertainties related to initial conditions, boundary conditions

and parameters of the NPP systems. The TH uncertainties have been treated using statistical methods
based on the Wilks approach allowing to define a statistical set of TH data with givéteooeflevel

and tolerance limits.

Thus, it was shown that using the Wilks method 59 simulations is required to achmwesided
tolerance intervalwith the tolerance limitof 0=0.95, and the confidence level gf | =0.95. For
achieving a doublsided tolerance interval for the same tolerance limit ( T80 ) and the confidence
levek of @ wr T8y WWilks simulationsf 93 and 13Gamplesare required, respectively.

Several systefHcodes (RELAP, ATHLET, TRACE) and oneThizahculation code (KWAMIX) were

used for TH analyses fbestestimate TH input parameters supplemented with statistically defined
TH input data sets with propagated uncertainties according to the Wilks method. A summary of
performed Wilks TH analyses by the APAL partners is presenteabie2.8. The grey cells in the
presented summary indicate which Wilks data sets have been used as the TH input data for structural
analyses by different partners.

Table2.8 Summary of TH data sets used for Wilks analyses (per partner).

TH code and
partner

ATHLET
from GRS

KWUMIX
from
FRAG

RELAP
from
JSI

RELAP
from
KIWA

RELAP
from
SSTC

RELAP
from
ulv

TRACE
from
PSI

RELAP
from
WUT

Wilkssets

59

93*

59 | 130

59

59

59 93

59 130

93

uJv

X X

FRAG

PSI

JSI

KIWA

X**

IPP

WUT

GRS

BZN

Tecnatom

* First 59 Sets are treated as 59 Wilks sets
** KIWA used Base Case from JSI TH.data

2.4.2 Typical Wilks TH input data for structural analyses

In general, all TH results from the Wilks analyses have a similar appearance but qesatitative

differences in the calculated results were observed. It can be explained by a variety of used TH codes,

their functionality, differences in nodalisation of TH models and taken assumptions.

Itis not feasible to represent all TH results that have been used as the input data for structural analyses.

Therefore, typical TH data from the Wilks analyses based8MWNRC systenTH code TRACE
presented as an example in this Section.

TheTHresults presented in this repodemonstratethe following TH cases:
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1 Base Case: The conservative reference based on the conservative input data for the TH
analyses imask2.1 as reported ithe APAL Deliverab@2.1[8] and also summarised in WP2
Public Summarii1].

1 Best Estimate: The best estimate cdmesed on the besestimate input data(i.e. for all TH
input parameters treated as statistically distributed the mean values were Ueedhe TH
analyses iffask 2.3 as reported in the APAL Deliver@tde3[10] and also summarised in WP2
Public Summarii1].

1 Wilks: TheTH data setvith random sampling oflistributed selected plant parameters and

boundary conditions. The random parameters and sampling methodology are described in
D2.3[10] and[11].

Fluidtemperature RP\pressure andeat transfer coefficient (HT®@jne histories areshown for the

Wilks ses with 59 and 130samples inFigure2.47-Figure2.49. The grey curves in all plots represent
individual results for each Wilks set.

It can be noticed from the presented TH results that the temperature and HTC time histories
demonstrate a large scatter while the RPV pressure variation remains in a rather confined scatter band.

300

—— Base case
—— Best estimate
2504

—— Base case
—— Best estimate

2004

1501

100 -

Temperature Fluid [C]
Temperature Fluid [C]

504

P e

0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Time [s] Time [s]

(a) (b)

Figure2.47: Fluid temperature as a function of time fqa) Wilks-59 and (b) Wilks 130 data sets
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Figure2.48: Pressurén RPVas a function of time foi(a) Wilks-59 and (b) Wilks 130 data sets

38



APAL (945253) D24 ¢ Public Summary Report of WP2

—— Base case —— Base case
70000 A —— Best estimate 70000 - —— Best estimate

HTC [W/m2.K]
~
o
(=}
o
o
HTC [W/m2.K]
S
[=]
o
(=]
=]

10000 10000 -
i 2 i
0 . - 04 = ad

0 2000 4000 6000 8000 10000 o] 2000 4000 6000 8000 10000
Time [s] Time [s]

(a) (b)

Figure2.49: Heat transfer coefficient (HTC) as a function of time {aj Wilks-59 and (b) Wilks 130 data sets

2.4.3 Results for stress and temperature distributions through the RPV wall thickness

This section presents thestructural analysis results in terms thnsient stress and temperature
distributionsthrough the RPV wallThis task is part of WP4, see a[8). The analyses have been
performed by partners using the TH input data as givefable2.8. The calculated stress and
temperature distributions through the RPV wall as a function of time are later used as the input data
for fracture mechanics analyses within the deterministic and probabilistic benchmarks.

Again, it is not feasible to present all obtained results due to large amount of data. Only typical results
are shown in the following subsections based on the analyses for two Wilks data sets with 59 and 130
samples. A discussion of main trends and déwiet in the results from different partners is also
provided in this report.

For facilitating a comparison of the resuitstween different partnersthe followingresultplotswere
requested from each partner

1 Inner RPV wet surface temperatures as a function of time,

1 Hoop and axial stresses at the RPV inner surface as a function of time,

1 Temperature, hoop and axial stresses at the crack tip as a function of time,

1 Hoop and axial stresses at the crack tip as a function RPV wall temperature at the crack tip.

In the analyses the crack tip located at the distance of 16 mm from the inner (wet) surface of the RPV
was assumed. Thabtained $ress distributions incluglweld residual stresses.

2.4.3.1 Resultdor Wilks setwith 59 samples

The RPV wall temperature, hoop and axial stresses at the inner (wet) surface of RPV as a function of
time are presented ifrigure2.50 - Figure2.52. The temperature at the crack tip location (crack depth

of 16 mm is assumed), hoop and axial stresses at the crack tip location as a function of time are
presented inFigure2.53- Figure2.55. The lmopand axiaktresses at the crack tip as a function of crack

tip temperatureare shownFigure2.56 and Figure2.57.
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Figure2.50: Inner surface temperature as a function of time for Wils®.
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Figure2.51: Hoop stresses at inner surface as a function of time for Wiigswith WRS.
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Figure2.52: Axial stresses at inner surface as a function of time for Wiigswith WRS.
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Figure2.53: Temperature at the crack tip location as a function of time for Wik8.
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Figure2.54: Hoop stresses at the crack tip location as a function of time for Wh&swith WRS.
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Figure2.55: Axial stresses at the crack tip location as a function of time for Whigswith WRS.
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Figure2.56: Hoop stresses at the crack tip as a function of crack tip temperature for \Aslsvith WRS.
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Figure2.57: Axial stresses at the crack tip as a function of crack tip temperature for Wai8svith WRS.

2.4.3.2 Resultdor Wilks setwith 130 samples

The RPV wall temperature, hoop and axial stresses at the inner (wet) surface of RPV as a function of
time are presented ifrigure2.58 - Figure2.60. The temperature at the crack tip location (crack depth

of 16 mm is assumed), hoop and axial stresses at the crack tip location as a function of time are
presented inFigure2.61 - Figure2.63. The lmopand axiaktresses at the crack tip as a function of crack

tip temperatureare shownFigure2.64 and Figure2.65.
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Figure2.58: Inner surface temperature as a function of time for WildS0.
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Figure2.59: Hoop stresses at inner surface as a function of time for Willd® with WRS.
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Figure2.60: Axial stresses at inner surface as a function of time Wilks-130 with WRS.
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Figure2.61: Temperature at the crack tip location as a function of time for WHk80.
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Figure2.62: Hoop stresses at the crack tip location as a function of time for Willd® with WRS.
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Figure2.63: Axial stresses at the crack tip location as a function of time for Willd® with WRS.
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Figure2.64: Hoop stresses at the crack tip as a function of crack tip temperature for \Wilg8 with WRS.
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Figure2.65: Axial stresses at the crack tip as a function of crack tip temperature for Wilg8 with WRS.

2.5 Conclusions from structural assessment
2.5.1 Generalconclusions on structural assessment

In APALTask3.1 - Stressand temperature distributions for benchmarkperformance, structural
assessments for the base case (SBLOCA with Hreak in HL and with loss of offsite power) and for
selected LTO improvements and operator actions were performed with different analysis methods.

47



APAL (945253) D24 ¢ Public Summary Report of WP2

The temperature and stress fields generated within Task 3.1 were delivered to Task 3.3, Task 3.4, Task
4.3 and Task 4 #r benchmark performance and margin assessment.

The commercialsoftware or inrhouse codes used by the partners for the simulations were FAVOR,
PROSTABAQUS, ANSYS, MSC.Marc MentatPR&CAL, Shfaster, Systus and Verload.

As a firststep a round robin task was generated to determine how the TH data can be used in case of
1D finite element simulations. 7 cases were chosen where the TH data were averaged or, in some
cases, taken from an exact location, thus leading to OD, 1D and 2&x&H He agreement of resulting
temperaturesand stressesamong partners wasgood. It was also concluded thatthe 2D TH data

version (TH data from a given location e.g., at core weld under the cold plume) givesthe most
conservative results. Therefore, tine later parts of the task this version was chosen for the further
calculations. Any averaging of TH data leads tocmrservative solution.

In the case of the flange weld the effect of the geometry had to be checked as the position of this weld
is close to the nozzle region with higher wall thickness. The results showed that in this case the 1D
finite element simulations with 2D TH data do wieliver the correct results as compared to the 2D or

3D simulations, and they underestimate the stress fields. Due to this reason, it is recommended that
future work is dedicated tgeneratingnew formulae to determine the stress values in the flange weld
with consideration of this geometrical effeélternatively, a 2D FEM simulation can be recommended.
Moreover, effect of the nozzle vicinity can be studied in the future.

Several sensitivity cases weaapalysedand theeffect of these cases will be mainly evaluated in Task

3.3. Nevertheless, in case of the stress distributions some conclusions can already be made. The results
of location investigations showed that the stress values depend highly on where the stress values are
taken from. As expected, the out of plume positicesulted in lower stress valueshile the flange

weld and nozzlecornerpositionsgeneratedhigherstressesBesidethe locations the thickness of ¢h
cladding, the mesh and the time step were also varied, which showed lower impact on the temperature
and stress results.

2.5.2 Assessment of LTO improvements

The LTOimprovements determined in WP2 were investigatedwith 1D and 3D finite element
simulations. The structural assessment calculations were done for 9 LTO cases, 3 of them being
operator actions (LTO6, LTO8 and LTQ9).

Table2.9 shows the evaluation of impact dfie LTO improvements on the temperature and stress
field. It should be noted that the evaluation was made based on the results of the temperature and
stress field at the crack tip location (16 mm from the wet surface), therefore the final assessment of
the effect of different LTO improvementgasdone in Task 3.6ee chapteb) and Task 4.4see[5]) of

the APAL project based on deterministic and probabilistic fraetueehanical assessment. It should

be also noted that the evaluation of impact of LTO improvement is valid for the assessed PTS regime
and can be different for different regimes.

Table2.9: Evaluation of impact of LTO improvements on the temperature and stress fields

LTO improvement Temperature field Stress field
LTO1 Heating of water in the HPIS tanks Beneficial Beneficial
LTO2 Heating of water in the ACCs No impact No impact
LTO3 Heating of water in the LPIS tanks No impact No impact
LTO4 Decreasing the HPSI head Small impact Small impact
LTOS Decreasing the HPSI capacity Beneficial Beneficial
LTO6 Reduction of HPIS flow (operator action) Unclear Unclear
LTO7 Decreasing of ACC pressure No or small impact | No or small impact
LTO8 | Change of cooldown rate (operator action) Unclear Unclear
LTO9 Isolation of ACCs (operator action) No impact No impact
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2.5.3 Structural Assessment for TH uncertainties

2.5.3.1 TH input data

TH input data for structural analyses was obtained from TH uncertainty analyses based on the Wilks
method as described iBection2.4.1 For the TH analyses, different TH codes were used such as
RELAPS5, ATHLET, TRACE and-MWUfor mixing calculations) together with several tools for
uncertainty evaluation, e.g. DAKOTA, SUSA, etc. TH uncertainty analyses were performed for 59, 93
and 13 Wilks data sets.

The THanalysisresults used as input data for structural assessménee also Task 4.15]) are
summarised for each partner ifiable2.8. A detailed review and comparison of the TH results from
uncertainty analyses between different partners have been carried out in APAL Deliverafle]2.3
However, it is worth to include a short summary of this comparison and point out some observed
differences in the TH data as it has a direct bearing on some deviations in the caltemapetatures

and stresses.

Figure2.66 illustrates a comparison of fluid temperature as a function of time used by JSI, IPP and
KIWA as the TH parameter used for the temperature and stress calculations. These partners have been
chosen as they performed TH uncertainty analyses based on 59 tfdiiissets usindRELAPS in
combination with the uncertainty evaluation software SUSA.
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Figure2.66: Comparison of fluid temperature as a function of time used
for structural analyses by a) JSI, b) IPP and c¢) KIWA. Wilks 59 data samples.

Significant variations in Wilks results can be observed between JSI, IPP and KIWA. JSI results have much
wider spread in the Wilks data samples in comparison to the IPP and KIWA data. One of the KIWA Wilks
data samples demonstrates a clear deviation in t@perature trend when the fluid temperature
increases in the time range between 1800 to 400@imilar trend has also been observed in KIWA
results from TH analyses for LTO improvements, namely LTO 05 for high pressure injection flow (HPSI)
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reduction. KIWA performethe TH analyses by reducing HPSI flow from 100% down to 75% with 5%
increments. The characteristic rise of temperature, similar to the orlégare2.66, was observed in

the results for HPSI reduction to 75%. For higher HPSI levelsL(B¥4 the temperature rise in this
time range was not observed or it was much lower and less pronounced.

The temperature rise for HPSI at 75% may be explained by the following considerations. By reducing
the emergency coolant quantity (HPSI flow) pumped into the reactor primary system the void fraction
(ratio of steam to total volume) increases substantiallye void fraction in volume 9101 for HPSI 75%

at 15063000 s is much larger than that for HPSI 80% which would support this assumption (void
fraction values in HPSI cases 1080%0 at around 1568000 sec do not change much actually). It
means that thered substantially more gas phase in downcomer which causes deterioration of heat
transfer at certain conditions. This in turn leads to higher temperature rise in downcomer as it was
obtained in the calculations for 75%. There should be a threshold somewkéreen 75% and 80%

HPSI reduction levels when the emergency coolant inflow is so low that most of it boils thereby
deteriorating heat transfer.

Differences in fluid temperature can also be observed in the TH data for Wilks 93 data sets that have
been calculated by FR®, UJV and WUWAE shown irFigure2.67.
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Figure2.67: Comparison of fluidemperature as a function of time used
for structural analyses by a) FR®, b) UJV and ¢) WUT. Wilks 93 data samples.
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2.5.3.2 Structural results

It issomewhat cumbersome to make comparative plots containing results from all or several partners
due to large amount of data curve$herefore,only some qualitative comparisons and observed
deviations in the structural results are provided herein.

Temperature at the RPV inner surface for the Best Estimate case analysed by PSI (TH code TRACE)
exhibits a local peak with temperature increase at about 2600 s. This temperature peak results in local
abrupt decrease in calculated stresses at the inneragarf Thus, hoop stresses exhibit a decrease by
about 200 MPa as shown igure2.68. Similar trends for the Best Estimate case can also be found in

the results from TECNATOM who used the TH data frodoPt8E structural analyses

300

—— Base case 900
—— Best estimate

—— Base case
—— Best estimate

2501 800 4

~

=3

S
L

2001

=3
S
.

150 -

1=
S
R

100 -

w B U @
=3
S

Temperature Wall Surf [C]
(=
8
!

Hoop stress WS [MPa]

2001

50 -

0 2000 4000 6000 8000 10000 0 2000

T v T
4000 6000 8000 10000
Time [s]

Time [s]

55 Inner-wet surface temperature

Samples Hoop Stress at the RPV inner surface
Base Case
— Best Estimate

samples
Base Case
800 4

250 —— Best Estimate

200 600

Temperature [2C]
[MPa]
u
4
8

Hoop Stress
2
]
3

100

100

50

0 2000 4000 6000 8000 10000
Time [s]

Time [s]

Figure2.68: RPV innessurface temperature and hoop stresses at the inner surface as a function of time. PSI
vs Tecnatonresults for Wilks 59 data samples.

In the previoussection it was described that onaf the KIWA Wilks TH data samples demonstrated a
clear deviation in the temperature trend when the fluid temperature increased in the time range
between 1800 to 4000 s, sddgure2.66(c). This deviation in the TH data affects also the structural

results leading to decrease of calculated stresses in the given time range. An example of thisubehavio
is presented irFigure2.69.
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Figure2.69: Hoop stresses at the crack tip location as a function of time and as a function of crack tip
temperature. KIWA results for Wilks 59 data samples.
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3 Benchmark Definition

A sound technical basis including experiences and conclusions from past projects widlgyisite
verification subtasks were defined tavoidmisunderstanding and ensure a limited bias propagation

into the final assessment of the max. all. ART for safety margin assessment. The realisation also
supports exchange and knowledge transfer to engineers interested in RPV brittle fracture safety
assessment.

The benchmark proposed in DEFROSAREsee[14]) is the basis of the APAL benchmark definition. It
was adapted to APAL while retaining its spirit with recommendations from former benchmarks
(FALSIRE, ICAS, PROSIR, IAEA CRP9) on RP¥hizabtumizs assessmemtnecessary preequisite

for successful benchmarking is ttavea welldefined problembased on which a consensus solution
could be achieved.

3.1 Basic data for RPV fracture mechanics safaggessment

The main data required for thRPV fracturanechanics safety assessmdat the benchmark and for
the margin assessmesitelated to LTO improvements and TH uncertainies summarized ifable
3.1

Table3.1 Overview of the input data required for the deterministic benchmar®@verview data
sheetc deterministic

Required for RPV fracture| Required for determination @
mechanics safety assessme  maximum allowable ART
(comparison of the
max.all.ART with RPV speci Scope APAL
predicted/measured AR#rpy
RPV geometry PWR 4oop type K K
Properties of base | Thermal K K
metal, weld and Tensile K K
cladding Toughness: K K
Kic, Jeversus temperature
Chemical composition K
Irradiation effects Fluence vs. EFPY K
Initial RRpror To and K
Irradiation shift formula
Irradiation decrease through K
the RPV wall
Consequences on tensile 0KO
properties
Defect Position in RPV, Orientation K K
Type: surface, underclad or K K
embedded
Size: depth, length, shapes K K
Transient loads selected transient K K
Other loads residual stresses K K
Fracturemechanics | K or J evaluation K K
model
RPV fracture Crack initiation (brittle, K K
mechanics ductile)
assessment Crack arrest
3 DERPROSAFE was a project under NUGENIA { Fdzy RSR 06& 9dzNR LIS Y

Seventh Framework Programme FP7/2@WDA3 under grant agreement No. 604965

4 tensile properties variations with fluence and fluence effect on RPV brittle fracture assessment have been

investigated in COVER project

53

LG2YAO 9y S



APAL (945253) D24 ¢ Public Summary Report of WP2

limit condition for Condition on KiI, KIC, KIA for K K
crack initiation and | initiation and arrest
arrest and associated limit on maximum allowed
maximum allowable | crack depth (75%)
ART

3.1.1 RPV Geometry

8 7 (33 S 4 3 2 1

. .
E \ /"" E
flange weld
D D
core weld E H
P . W
i / \ X
= (= \. J
i | |
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SECTION e«
SCALE 1:80
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' = APALICAS  *
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Figure3.1 APAL RPV drawing with location of welds

The wall thickness given kigure3.1 includes the cladding.€.,t = 249 mm = 243 mm ferritic part + 6
mm cladding) The bcationof welds(below nozzleenterline ¢ elevation 0 mm) are
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