Proceedings of Korean Nuclear Society Spring Meeting
Kori, Korea, May 2000

PLANT-SPECIFIC PRESSURIZED THERMAL SHOCK INTEGRITY
EVALUATION FOR KORI UNIT 1 REACTOR PRESSURE VESSEL

Ill-Seok Jeong, Changheui Jang, Jun-Hyun Park, Sung-Yull Hong

Korea Electric Power Research Ingitute
Nuclear Power Research Laboratory
103-16 Munji-dong, Y usong-gu
Tag on, Korea 305-380

and
Tae-Eun Jin, Sung-Gyu Jung, Hag-Gi Yuem

Korea Power Engineering Company
360-9 Mabuk-ri, Kusong-myun, Yongin-s
Kunggi-Do, Korea 449-713

ABSTRACT

During the resdua life evaluation of Kori unit 1 reactor presuure vessd, the reference
temperature presaurized therma shock (RTers) was prgected to exceed screening criteria
before the end of desgn life, or 40 years. To cope with this issue, a plant-specific
pressurized thermal shock (PTS) analyss was performed following the methodology and
procedures suggeded in Reg. Guide 1.154. The plant-specific PTS analyss covers
identification and quantification of PTS-dgnificant sequences, thermal-hydraulic analyss,
downcomer mixing analyss, and probabiligic fracture mechanics analyss to quantify the
associated risk of RPV failure with various PTS transents. The dgep-by-sep procedures
adopted in the plant-gpecific PTS analysis and the reaults are described in detail. Also, some
lessons learned while performing the analyss are discussed. Through the detailed anayss, it
is now expected tha RPV can maintain enough safely margin againd pressurized therma
shock during and beyond its design life.

1. INTRODUCTION

In general, as the operation year of nuclear power plant (NPP) is accumulated, the



progression of irradiaion embrittlement of reactor pressure vessel (RPV) reaults in decrease in
upper shelf energy (USE) and increase in the reference temperature-pressurized therma shock
(RTers). The net results of irradiaion embrittlement are the increased drength and reduced
fracture toughness. When embrittled RPVs are subjected to high dress, exiding cracks, if
any, may initide and propagae to the outer surface of the vessel. Sgnificant therma dress
could occur from the therma shock following cold emergency core cooling water inection a
the events of various transients during operaion. When sydem pressure remains high or
dowly decreases during the thermal shock events, additiona dress from the sysgem pressure
grealy increases the possbility of crack initiation and propagation.

This kind of phenomena can occur not only during loss-of-coolant accident (LOCA) type
events but aso non-LOCA type events. It was defined as a presaurized therma shock (PTS)
by USNRC in early 1980s [1]. USNRC subsequently initicted PTS analysis qudies on H. B.
Robinson (Wedinghouse) [2], Oconee-1 (B&W) [3], and Calvert Cliffss1 (CE) [4]. It was
found tha the failure probability of vessel was drongly dependent upon the degree of
irradiation embrittlement, measured as ad uded reference PTS temperature (RTers). Especidly,
some welds, containing large amount of copper and locaed in the core beltline region, were
consdered to be susceptible to radiaion embrittlement and critical to the reactor vesse
integrity. Based on these and other researches, PTS rule (10CFR50.61) was issued by
USNRC in 1985 [5]. It was revised in 1991 and again in 1996 to reflect advanced
knowledges and clarify some ambiguities.

The content of the PTS rule are;

Define reference PTS temperaure, RTers

RTers = initial RTnor + ift of RTavor + Margin
Provide methods of calculating RTnor shift adopting Reg. Guide 1.99 [6]

a. utilizing chemidry factor tables based on copper and nickel contents

b. utilizing surveillance specimen ted daa
Define PTS screening criteria

a. RTers < 270  for plates, forgings, and axial welds

b. RTers < 300 for circumferential welds
Require every plant to submit edimated RTers @ end-of-life (EOL) fluence
If the edimated RTers are to exceed the screening criteria before EOL, plant-gecific
PTS analys's incorporaing probabiligic methods should be performed to quantify the
risk of RPV failure associated with PTS phenomena for continued operation.
Plant-gpecific PTS analysis should be done based on the Reg. Guide 1.154 [7].

The RPV of Kori Unit 1 is one of the typica Weginghouse 2-loop design and fabricaed
by B&W. Its shells were made of SA 508 Cl. 2 ring forging clad with qainless geel 308
type weld. The schematic of the RPV is shown in figure 1. As shown in the figure, there
are three circumferential welds near reactor core, that is WF259, WF232/233, and WF267.
Of the three welds, the one near the core midplane, or WF233 has been identified as the
mog controlling materials in terms of irradiaion embrittlement [8]. The bed edimae
chemigry of WF233 was suggeded as 0.29% copper and 0.68% nickel [9]. Because of
extengve irradiaion embrittlement, USE of the WF233 weld fell below 50 ft-Ibs, which is the
minimum requirement [10], after only a few years of commercial operaion. A deailed



fracture mechanic analyss was done
to deal with the low USE issue and
showed tha RPV could maintain its
integrity for the design life [11].

On the other hand, as shown in
figure 2, the RTers was prgected to
exceed screening criteria of 300
before its design life [8]. To cope
with this PTS iswuue, KEPRI initiated
plant specific PTS analysis following
the methodology and procedures
suggeded in Reg. Guide 1.154 [12].
In  this paper, the  ecific
methodol ogy and dep-by-gep
procedures adopted in the anayss
and rewults are described in deail.
Also, lessons learned through the
analysis are described.

2. METHODOLOGY AND
PROCEDURES
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Figure 1. Schemaics and materials of condruction of

Kori Unit 1 RPV.

According to the PTS rule, if the edimated RTers are expected to exceed the screening
criteria before end of life, a plant-gecific PTS analysis should be performed to demondrae
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Figure 2. Prgection of RTers of a circumferential weld, WF233 of Kori
Unit 1 RPV.



tha total frequency of through-wall crack (TWC) due to PTS is less than 5x 10°/Rx-yr for
continued operaion [7]. The overal flow of the plant-gpecific PTS analysis adopted in this
dudy is shown in Figure 3. Firg, PTS initiating events were identified and event-trees were
condructed by carefully analyzing plant specific daa. Next, the event frequencies of the
sequences are quantified by probabiligic risk analyss technique. The PTS significant transient
sequences are classified and grouped, in conservaive way, based on the smilarity in expected
thermal-hydraulic (T/H) naures and frequency of the sequences. For the representing transient
sequences that would result in the mog conservaive reaults within the sequence groups, T/H
analyses were performed using trangent analysis codes, such as RELAP5 and RETRAN. If
therma draification within the cold leg is suspected, mixing analyses were needed to obtain
localized temperaure near RPV wall in downcomer region.

The following dep is the probabiligic fracture mechanics (PFM) anayss. Downcomer
presaures, fluid temperatures near RPV wall, and heat transfer coefficients vs. time that were
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Figure 3. Actual flow of plant-goecific PTS analyss



obtained from T/H and mixing analyses were provided as inputs to PFM analyses. The
secific vessel data, such as, thermo-physical materia properties, geomery, and arveillance
cagpuule daa e. a. were needed also. Through the PFM analyss, conditional TWC
probability, P(F/E) for each representing transient sequence was calculated. TWC frequency &
the event of gpecific PTS sequence is calculated by multiplying the overall frequency of each
sequence group and P(F/E). Finally, the total TWC frequency is found by smply adding the
vesxl failure frequencies of all transent sequence groups analyzed.

3. KORI UNIT 1 PLANT-SPECIFIC PTS ANALYSIS

3.1. Selection of Initiators and Sequences

Based on the careful review of sygems, operating procedures, Reg. Guide 1.154 [7], and
previous dudies [2,3,4], the man deam line bresk (MS3.B), deam generaor tube rupture
(SGTR), loss of main feedwater (LOMFW), small bresk loss of coolant accident (SBLOCA),
and loss of hea dgnk (LOHS were sdected as the potential PTS initiaing events.
Component actuation and operator actions affecting overcooling of RPV or represaurization
were selected as headings and branches for event-tree condruction. It should be noted tha
some of the operator actions, for example, redart of tripped reactor coolant pump, that could
have been beneficial in adleviaing the consequences of the transents were intentionaly
omitted. It could smplify the event trees condruction and T/H analyss and, eventudly, give
somewhat conservaive analysis reaults.

The probabilities of success or failure of branches associaed with the key components
were cdculaed usng the EPRI database or those of smilar plants. Probabilities associaed
with operaor actions are determined by interview and quedionnaire with plant operators. A
total of 134 potentia overcooling sequences from 5 initiaing events were identified. The
sequences were classfied and grouped based on the smilarity in T/H naure. Also, the
overcooling sequences with frequency less than 1x 10'°/Rx-yr were categorized as a sat of
resdual groups. A total of 24 representative sequences were selected for further analysis in
the next deps.

3.2. Thermal-Hydraulic Analysis

The purpose of T/H anayds is to obtain pressures, fluid temperatures, and heat transfer
coefficients @& RPV inner surface in the bdtline region to be used as PFM inputs. The
representative sequences belong to the initisting events of MSLB, SGTR, LOMFW, and LOHS
were anadlyzed usng RETRAN-3D [13]. On the other hand, those of SBLOCA were
caculaed usng RELAPS5/MOD3.2 code [14], because of beter capability in predicting
two-phase flow behavior expected in SBLOCA. The RETRAN-3D and RELAPSMOD3.2
models were benchmarked againg the full power trip tesd data and the normal operating data,
and the reaults was in good agreement within + 5%.

For each sequence selected above, T/H behavior was analyzed for 2 hours as recommended
in Reg. Guide 1.154 [7]. Figure 4 shows T/H analyss rexult for one of the overcooling
sequences, that is an SGTR type transdent a hot zero power, <howing downcomer
temperatures, pressures, and heat transfer coefficients vs. time. Of the overcooling sequences
analyzed, LOHS was identified as the event producing the lowes downcomer temperaure
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Figure 4. Temperaure, presure, and hea transfer coefficient vs. time
during an SGTR type transent a hot zero power.

owing to high safety inection and charging flow rate during the feed and bleed operation.

3.3. Mixing Analysis

Since the above mentioned T/H codes do not model fluid behavior with sufficient detail to
predict therma draificaion phenomenon in cold leg and downcomer region, additional mixing
analyss is needed to find local temperaiure near RPV wall. In order to determine which
overcooling sequences are affected by thermal draification, therma dratification criteria of T.
G. Theofanous [15] was agpplied. For the mixing anadyss, 3-dimensiona computational fluid
dynamics (CFD) codes, such as, PHEONICS and CFX-4 codes were used. The PHEONICS
[16] modd was benchmarked to the experimental results of CREARE-12 scale tes [17] as
shown in figure 5, and the CFX-4 modeling was vaidaed by the PHEONICS code. At fird,
REMIX [18] was also considered as a potential mixing code for the PTS analyss. However,
due to the difference in geomery modeled in REMIX and the plant secific feaures, REMIX
results deviated as much as 100 from PHEONICS results. Consequently, REMIX reaults
were used for comparison purpose only, and not used as PFM inputs.

Calculated fluid temperature near RPV wall from RETRAN, PHEONICS, and REMIX for
SGTR & hot zero power are shown in figure 6. When the draification was considered, the
local temperaures near RPV inner wall were 40~120 lower than the temperature calculated
by RETRAN which is the volume averaged fluid temperature in downcomer region. Overal,
6 overcooling sequences were analyzed usng PHEONICS or CFX-4. Mixing analyss reaults
are summarized in table 1. The potential significance of draificaion, that can be measured
as the temperature difference between the T/H and mixing analyses, were greaer for SGTR
type transents.
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Figure 6. Comparison of fluid temperature near RPV wall from
RETRAN, PHEONICS, and REMIX during SGTR & hot zero power

3.4. Probabilistic Fracture Mechanic Analysis

To caculae conditional TWC probability, P(F/E) of the RPV during the overcooling
transents, probabiligic fracture mechanics (PFM) analyss were performed. Of the severa
analytical codes developed, VISA-II [19] and FAVOR [20] were <selected for the PFM
analysis of this sudy. However, recent benchmarking sudy revesled tha the calculaed



Table 1. Summary of downcomer mixing analysis results

e - Minimum Temp. Minimum Temp.| Maximum

Initiating Event SeqluDence Mixing Code| ™" )" ) P (Mixing) ( )p Pressire (psia)
Foo1 PHOENICS 191 1154 2,090
SGTR HzP FO16 " 151 100.0 2,080
LOHS FP HO01 " 82 84.0 1110
1001 CFX-4 100 87.0 520
SBLOCA | HZP 1003 " 170 158.0 500
1006 " 160 159.0 550

failure frequency may vary considerably depending on the way to treat therma hydraulic
boundary conditions, to calculae dress intendty factors, ec [21]. For better interpretaion of
conditional failure probability calculaed by each code, analysis reaults of the two codes for
hypothetica thermal-hydraulic conditions and RPVs were compared [22]. As shown in the
figures 7 and 8, it was found that (1) the TWC frequency of VISA-II was 15~2 times
higher than tha of FAVOR for smple but severe PTS trandents for circumferentia cracks
and (2) as the T/H conditions are complicaed the results of VISA-II become more
conservaive in pat by the tendency of choosng inputs conservaively. After careful
consideraion of benchmarking analysis results, more conservative VISA-II results were decided
to be submitted to regulaory body. The results usng FAVOR was used as comparison
purpose and potential backup maerials to emphasize the conservaiam associaed with the
analysis.

Low USE of the weld was reflected by lowering maximum fracture toughness of the
weld.  Aswumed flaw didribution was Marshall flav didribution considering pre-service
ingoection [23]. At lead ten million trials of smulaion was applied for PFM analysis. If
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no TWC was observed during the smulation, number of smulation was increased by 10
times. If P(F/E) is zero, despite of the increased number of smulaion, it was conservaively
assumed as 3x 10°.

Example of the PFM analyss result for some of the PTS transents are summarized in
table 2. Of the sequences analyzed, P(F/E)s of the transents associated with SGTR were the
greaest. These high P(F/E)s are thought to be atributed to the represwrizaion, as shown in
figure 4. The high represaurization pressure, in turn, was thought to be the results of the
high shut-off head of safety inection. LOHS transent with the lowed fina temperature and
modes preswure was identified as the second mog severe PTS transent. The 1001 trangent
(SBLOCA) tha has a very low final temperature showed smaller P(F/E) because of the
reldively low pressure during the transient.

Table 2. Examples of PFM analyss reaults using VISA-II Code

| Temperaure (°F) | Cooling| HTC P(F/E)
Initiating Event Seq|qu°° initial | Min. | Fing | AR, |(BTUMN 30 EFPY | 40 EFPY | 464EFPY
: (min”) | ft'F) | (40 op. yrs)| (50 op. yrs)| (60 op. yrs)
- E001 | 5415/ 363.0|487.0| P 400 | 300x 10° | 300x 10° | 300x 10°
TR E016 | 5415|2140| 3474| PY 300 | 477x 10° | 2.63x 10° | 4.66x 10°
- FOO1 | 5475 1154 | 1154| 0.1 150 | 527x 10* | 242x 10° | 342x 10°
FO16 |5475| 1000| 125 | P 200 | 7.72x 10° | 1.13x 10° | 141x 10°
LW | Ep G001 | 5415|5400 | 547.3| PV 5,137 | 3.00x 10° | 3.00x 10° | 3.00x 10°
G004 | 542 | 4880|5480 PV 5,140 | 3.00x 10° | 3.00x 10° | 3.00x 10°
LOHS | FP | HO001 | 5415| 8.0 |s4.17| P" 200 | 726x 10° | 160x 10° | 253x 10°
=B 001 | 545 | 850 | 850 | P 166 | 360x 10° | 1.12x 10' | 2.19x 10"
FP 1003 | 545 | 1418 165.1| P 205 | 300x 10° | 529x 10° | 1.94x 10’
LOCA 1006 | 545 | 1452 | 153.3| P 188 | 3.70x 10° | 3.19x 10" | 140x 10°

[Note] (1) Polynomia fitting

3.5. Integrated PTS Risk and Sensitivity
The total TWC frequency (or, integrated PTS risk) was calculaed as follows;

Integrated PTS rik = Y (P(E) x P(F/E))

where P(E): event frequency of specific overcooling sequence
P(F/E): conditional TWC probability & the event of gecific sequence

The integrated PTS risk caculated by above equaion was shown in figure 8 and compared
with the limit specified in Reg. Guide 1154 (tha is, 5.0x 10°/Rx-yr) to determine the
integrity of the RPV a the events of potential PTS transents. As shown in the figure,
among the PTS initiaing events, SGTR was the mog dominant contributors to the PTS ri.
Degite of high P(FE), LOHS contributed little to the integrated PTS risk due to the small
sequence frequency. The calculated PTS risk associated with SGTR and SBLOCA represented
more than 90% of the integrated PTS risk.

As shown in figure 8, additional increase in the PTS rik during the extended operation
period is not dgnificant. This was not an unusual behavior considering tha irradiaion



embrittlement correlaion used in the -
dudy tend to predict near-sauraion .

behavior a high fluence, and Marshall ——33C% | ' Limitin Rex Guide 1154
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are summarized in table 3. As shown
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1E4

Through-Wall Cracking Frequency, /Rx-yr
|
i
d

PTS risk of RPV. The downcomer €4 ;-_::'J-’-:"""f ) )
temperature and the SGTR frequency
were ranked second and  third,
respedlvely. 15-53: a2 3:1- Elﬁl-ﬂ 2 44 45 &8 =
EFPY
4. CONCLUSIONS Figure 8. Calculaed through-wall-cracking frequency

(usng VISA-II reaults)
A plant-specific PTS analyss has
been conducted following the methodology and procedures suggeded in Reg. Guide 1.154.
The plant-ecific PTS anadyss covers identification of PTS-dgnificant sequences, T/H
analyss, mixing anadyss, and PFM analysis to quantify the associaed risk of RPV failure
with various PTS transents. Throughout this PTS analyss, & lead two analyss codes were
used in T/H analyss, mixing analyss, and PFM analyss. By taking this agpproach, the
advantages and disadvantages of each codes are dudied in detail.

Through the plant specific PTS integrity evaluation, following conclusons were drawn:

- Commercial CFD codes, such as PHEONICS and CFX-4 would be appropriate choice for
mixing analyss raher than REMIX code.

- VISA-II code showed a quite conservaive conditiona failure probabilities due to the
limitation in treating thermal hydraulic input data and calculaion module of dress
intensity factors.

- Additiona increase in the PTS rik during the extended operaion period is not

Table 3. Reaullts of sendtivity analyss of parameters

Parameter Sensitivity Rank
(TWCI / TWCo)
Flaw densty 74.37 1
Downcomer fluid temperature 13.15 2
Event frequency of SGTR a hot zero power 3.06 3
Copper contents 2.29 4
Initial RTnor 2.25 5
Convective heat transfer coefficient 1.89 6
Event frequency of SBLOCA at full power 154 7
Fast neutron fluence 151 8
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sgnificant.
- Through the detailed anayss, it is now expected tha Kori Unit 1 RPV can maintain
enough safety margin againd pressurized thermal shock during and beyond its desgn life.
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