PAUL SCHERRER INSTITUT

S

WIR SCHAFFEN WISSEN — HEUTE FUR MORGEN

Caroline Seyffert :: ETH Ziirich :: Paul Scherrer Institute

A Review on the Modelling Practices of iPWRs in
MELCOR

13t Meeting of the European MELCOR and MACCS User Group (EMUG), 27t-29t April 2022

Semester Project
Supervisor: Mateusz Malicki, PhD



PAUL SCHERRER INSTITUT

Safety Systems in iPWRs

Many SMRs integrate systems into the RPV:

Integrated .
Systems .

Passive Safety

Systems

Steam generator (SG)

Pressurizer

Conrol rod drive mechanism (CRDM)
Natural circulation (NC)

Passive Safety systems include:

NC cooling (no pumps)

Passive DHRS/PRHRS

CR insertion

IVMR (depends on injection type)

[2]

CONTROL ROD
DRIVE MECHANISM

PRESSURIZER
MAN STEAM

RISER
(PRIMARY FLOW)

STEAM GENERATOR
{SECONDARY FLOW}

CONTAINMENT VESSEL

FEEDWATER

DOANCOMER
(PRIMARY FLOW)

REACTOR
PRESSURE
VESSEL

CORE

(PRIMARY FLOW)
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[={J» Motivation — Scope of the Project
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Abstract

This paper focuses on modeling and phenomenological issues relevant to analysis of
severe accidents in mtegral Pressurized Water Reactors (iPWRs). It identifies relevant Ve nti n g
thermal-hydraulics, melt progression and fission product release and transport
phenomena, and discusses the applicability of the MELCOR computer code to modeling

of severe accidents in iPWEs. Areas whers the cwreni MELCOR severe accident . .
madeling framework has limitations in the representation of phenomenclogical processes D e b rI S CO O I I n g
are identified and examples of possible modeling remedies are discussed.  The paper
identifies modeling and phenomenological issues that contribute fo differences in the

calculated reactor coolant system and containment response for iPWRs as compared fo 1 1
traditional FTWRs under Sﬂg‘e accident conditions. ponse fo " I n CO n ta I n m e nt
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[{J=» Motivation — Scope of the Project

Natural
circulation

MODELING AND PHENOMENOLOGICAL ASPECTS OF SEVERE ACCIDENTS IN / .
— | convection and

INTEGRAL PRESSURIZED WATER REACTORS!

I K. Madni o 0 o =
X X 5 coolin
Helical coil steam 22908

Office of Nuclear Regulatory Research
United States Nuclear Regulatory Commission
Rockville, Maryland 20852

»
>

and

M. Khatib-Fahbar
Energy Research Inc.
P.O. Box 2034

Rockville, Maryland 20847 \
Sparger

Abstract

generators

Molten pool

Fanure modes
of the RPV
lower head

This paper focuses on modeling and phenomenological issues relevant to analysis of

severe accidents in mtegral Pressurized Water Reactors (iPWRs). It identifies relevant Ve nti n g
thermal-hydraulics, melt progression and fission product release and transport
phenomena, and discusses the applicability of the MELCOR computer code to modeling
of severe accidents in iPWRs. Areas where the cwrreni MELCOR severe accident
modeling framework has limitations in the representation of phenomenclogical processes
are identified and examples of possible modeling remedies are discussed. The paper
identifies modeling and phenomenological issues that contribute fo differences in the
calculated reactor coolant sysiem and containment response for iPWRs as compared fo

traditional FTWRs under severe accident conditions.
\ Heat removal
from the fuel

Metal
oxidation Fission product
[8] release and transport

Debris cooling
in containment

In-vessel melt
retention
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= Sensitivity Determining Methods

Methods of interest:

Analytical Hierarchical Process (AHP) project Ref. [27]

Artificial neural networks project Ref. [27]

Failure Mode and Effect Analysis (FMEA) Pproject Ref. [24]

Flow Map Project Ref. [17]

Hazard and Operability analysis (HAZOP) project Ref. [24]

Least-squares method project Ref. [27]

Monte Carlo project Ref. [8], [27]

Morris method project Ref. [8], [27]

Pearson and Spearman coefficients project Ref. [8], [16], [27], [31]
Phenomena ldentification and Ranking Table (PIRT) project Ref. [24], [27]
Reliability Methods for Passive Safety Systems (RMPS) project Ref. [24]
Software System for Uncertainty and Sensitivity Analysis (SUSA) project Ref. [31]
Variance-based methods project Ref. [27]
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= In-Vessel Melt Retention — PWR vs. iPWR

PWR Generally:
* Active injection of coolant into or around the vessel

e Large volumes
e Difference in power-to-coolant and power-to-

S u rfa Ce ra t i O Reflective insulation ?;f‘i’i""‘g
Reactor pressure vessel Damper>/
2 O
S 2
. . 5 ;
iPWR Generally: > H
09 : o0

* Passive injection of coolant o
e Small volumes Sod st
* Smaller power-to-coolant ratio el

Natural
() convection
()

Nucleate boiling of
external water

Reactor cavity In-core |"3u'g"'°“‘ \ Water ingress

[5]
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(= In-Vessel Melt Retention — Literature Overview

. 3 MELCOR 1 MELCOR
9 papers reviewed 2P$11k2|_52r2)e2d1 spge;;?: pa;;srs :\jI'::ed
MELCOR ( barti i i i i
Particulate debris porosity, molten cladding (pool) drainage rate,
models molten Zircaloy melt breakthrough temperature, refreezing heat
transfer coefficient for stainless steel, core plate creep properties,
\_core barrel heat transfer, ... )
4 N
Non-MELCOR Melt properties, gap thermal resistance, radiative heat transfer for
models \thin metallic layers, ... )
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. 3 MELCOR 1 MELCOR
. Published e
9 papers reviewed specific paper related
2014-2021
papers to SMRs

Surface-to- Heat flux of

power ratio corium

== In-Vessel Melt Retention — Results

Core barrel heat

transfer

Smaller power output Reduced RPV surface for ex-vessel cooling

VS.

e Simple scaling factors from PWR to iPWR may not be enough

VS.

Power-to-coolant ratio

~
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Published

9 papers reviewed

Surface-to-
power ratio

2014-2021

3 MELCOR 1 MELCOR
specific paper related
papers to SMRs

Heat flux of

corium

== In-Vessel Melt Retention — Results

Core barrel heat
transfer

P

\ihanging geometry

N

N

Adding fins or radiators

A
Changing HX areas
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9 papers reviewed

B

: 3 MELCOR 1 MELCOR
Published specific paper related
2014-2021 papers to SMRs

Surface-to- Heat flux of
power ratio corium

— In-Vessel Melt Retention — Results

Core barrel heat
transfer

/° Surface:

.

* Areaof HS
* Scaling factors HS_LBT - XHTFCL,
XMTFCL, XHTFCLR
* Additional data HS_LBS =
ASURFL, CLNL, BNDZL
* Material and Thickness
* Node data HS_ND = MATNAM, XI

* Power:
COR_ELPOW - IPOW
LHC _DH

CV and HS

External Data Files
(EDF)

~

Tabular Functions (TF)
Control Functions (CF)
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[J=» In-Vessel Melt Retention — Results

. 3 MELCOR 1 MELCOR
. Published e
9 papers reviewed specific paper related
2014-2021
papers to SMRs

Surface-to- Heat flux of
power ratio corium

-~

Core barrel heat
transfer

Influences
max. heat flux

. Thermal
Corium

" conductivity
composition

Density

Mass proportions Influences heat

of metals and
oxides

flux angular

Specific heat

distribution
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. 3 MELCOR 1 MELCOR
. Published e
9 papers reviewed specific paper related
2014-2021
papers to SMRs

Surface-to-
power ratio

Heat flux of

corium

== In-Vessel Melt Retention — Results

Core barrel heat
transfer

e MELCOR implementations:
e Study on COR package components
* Parameters:
 HTC from debris to penetration structures
e HTC from debris to lower head
 HTC from oxidic molten pool to lower head
e HTC from metallic molten pool to lower head

~

:
@

\\ * Atmosphere heat transfer scaling factor (convective, radiative) /
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==

9 papers reviewed

Surface-to-

power ratio

In-Vessel Melt Retention — Results

5 3 MELCOR 1 MELCOR
Published specific paper related
2014-2021 papers to SMRs

Heat flux of
corium

Core barrel heat
transfer

15
\ Vil/
[ L
I Z
{

t | T
3 - —L?f— Control rod drive guides

Connecting flanges to
control rod drives

RPV head

A
r
"

f;[
=

Core, fuel assemblies

ca.4-5m

ca.10-12m

Reflector

Dowr

\
|

I
[l

— Core barrel

Reactor pressure vessel (RPV)

: gm

Core support plate
Perforated drum

PWRs

iPWR

)

(

/

Page 13



PAUL SCHERRER INSTITUT

—

B

9 papers reviewed

In-Vessel Melt Retention — Results

Published
2014-2021

Surface-to-
power ratio

3 MELCOR

specific
papers

paper related

Core barrel heat

Heat flux of
corium transfer

.

MELCOR implementations:

)

A
Changing HX areas

_

Area of HS \

* Scaling factors HS_LBT - XHTFCL,
XMTFCL, XHTFCLR
» Additional data HS_LBS = ASURFL,
CLNL, BNDZL
Material and Thickness
* Node data HS_ND - MATNAM, XI

/
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==

9 papers reviewed

In-Vessel Melt Retention — Results

: 3 MELCOR 1 MELCOR
Published specific paper related
2014-2021 papers to SMRs

Surface-to- Heat flux of
power ratio corium

Core barrel heat
transfer

/° Heat Transfer Paths:

Radiative Exchange Factors COR_RF
— FCNCL, FSSCN, FCELR, FCELA,
FLPUP

MELGEN Arbitrary Conduction or
Radiation Heat Transfer Path

COR_HTR \\/ /

Page 15
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—

B

PWR

iPWR

Natural Circulation — PWR vs. iPWR

Generally:
e Only 20% of power can be removed
by NC alone

* PRHRS and HX pool
e Smaller coolant-to-power ratio

Generally:

* NC for heat removal in normal operation
* Marine based SMRs

e Larger coolant-to-power ratio

» Difference in SG height (driving head)

e Reactor pool

CONTROL ROD
DRIVE MECHANISM

PRESSURZER

MAN STEAM

RISER
(PRIMARY FLOW)

STEAM GENERATOR
(SECONDARY FLOW)

CONTAINMENT VESSEL

FEEDWATER

DOWNCOMER
{PRIMARY FLOW)
REACTOR
PRESSURE
VESSEL

CORE
(PRIMARY FLOW)
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16 publications Published
reviewed 2004-2021

Ocean based
plants

PRHRS

Flashing
driven NC

UHS pool
modelling

(.= Natural Circulation — Literature Overview

1 MELCOR 1 MELCOR
specific paper related
papers to SMRs

/

G

Rolling amplitude, rolling period, pressure in the primary coolant
system, initial steam pressure, HTC factor in boiling, ...

-

MSIV actuation time, HX area, HX height, compensation tank

\volume, hydraulic resistance, containment pressure, ...

-

-

Spray flow rate, pressurisation space volume, downcomer flow
area, ...

/

-

Nodalisation
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(= Natural Circulation — Results

16 publications Published 1?55%‘? ; “:,E:(;;)tzd
reviewed 2004-2021 2 bap
papers to SMRs

Heat exchange area

Coolant mixing Nodalisation

and coefficients

* MELCOR implementations:

) o
_ A

N N
\{hanging geometry ~ Changing HX areas 7 Changing number of pipes /
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(= Natural Circulation — Results

16 publications Published 1?55%‘? ; “:,E:(;;)tzd
reviewed 2004-2021 2 bap
papers to SMRs

Heat exchange area Coolant mixing Nodalisation
and coefficients

4 h

/

Page 19
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(= Natural Circulation — Results

16 publications Published 1:/'3}%(2[{ al ';A,E:;g)tzd
reviewed 2004-2021 : pap
papers to SMRs

Nodalisation

Heat exchange area Coolant mixing
and coefficients

~
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(= Natural Circulation — Results

16 publications Published 1¥§E§SR palp?,E:;;)tzd
reviewed 2004-2021 papers to SMRs

Heat exchange area
and coefficients

Coolant mixing

Nodalisation

* MELCOR implementations: * Laminar/turbulent flow: change Reynolds

\
number

* For reactor ultimate heat sink pool: changed
with atmosphere laminar and turbulent range
* Sensitivity coefficients = global

Change flow Change laminar flow in
\Sefﬁcients the lower head /

Page 21

Change hydraulic
resistance and
friction factor \\




PAUL SCHERRER INSTITUT

==

Natural Circulation — Results

16 publications Published 1 MELCOR 1 MELCOR
reviewed 2004-2021 specific paper related
papers to SMRs
Heat exchange area Coolant mixing Nodalisation
and coefficients
Downcomer atmosphere
Core

UHS pool
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-1 Helical Coiled Steam Generators — Concept

TRANSITION REGION STARTANDSTCP

sTEAMTRANSMON—]
REGION

RADIUS IS TAKENAT
180 CENTERLINE OF TUBE

—— STEAM TRANSITION REGION
/ START AND STCP
REMOVABLE
— ACCESS
/ COVERS MAIN STEAM
TUBESHEET
18
53 o w5
iy
2 '
e b
B pese
1280 pacss
28 Beges | sGTUBES
el —
)
/ D
FEEDWATER
REMOVEABLE
AGCESS TUBESHEET
COVER
STARI K0 STOP -
FEED TRANSTIONREGIN
AR ADSTOR
TYPICAL TUBE ARRANGEMENT FULL TUBE BUNDLE
(01 F couuion s1om) QUARTER OF COLUMN 1 COLUMN 1

[11] [11]
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== Helical Coiled Steam Generators— Literature

Overview
Published 0 MELCOR 0 MELCOR
12 i d ifi lated
papers reviewe 2000-2021 S’;)aep(:;:; pafc)erIr;:Se
. 4 N
Geometrical Tube diameter, number of tubes, coil pitch, coil length, coil diameter,
Factors \shell side inner and outer diameters, radial and axial pitch ratio, ... )
. 4 N\
Modelling “Entangling” of the HCSG, nodalisation according to the Courant-
practices L Frederick-Levy condition, sliced nodalisation, ... )
. 4 N\
Mathematical .. L _ .
Heat transfer coefficient, friction factor, dynamic instabilities, ...
models
\ J
4 N
Parameter SG break position, power level, pressuriser pressure, core inlet
Analysis \coolant temperature, ... )
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= Helical Coiled Steam Generators— Results

. 0 MELCOR 0 MELCOR
12 papers reviewed 2P(;10b(;I-2}’(I)2d1 ;Zepc(ieﬁs paggrs :;I;;ced
Geometrical Nodalisation and model Channel Friction factor and heat
implementation . . transfer coefficient
Factors Interactions models
e Geometry usually design specific * MELCOR implementation: \
* Influenced by: * General geometrical changes
* Number of steam generators * Multiplication factor for tubes
*  Number of coils * HCSG model
* Coil pitch  HS LB - IBCL = 2 (Zukauskas)
* Coil diameter  HS LB - IBCL = 3 (HelicalSG)

 HS ZUKL
\\ * HCSG transfer coefficients (C4186) /

Page 25



PAUL SCHERRER INSTITUT

= Helical Coiled Steam Generators— Results

. 0 MELCOR 0 MELCOR
. Published e
12 papers reviewed specific paper related
2000-2021
papers to SMRs

Geometrical Nodalisation and model
Factors

Channel Friction factor and heat

implementation transfer coefficient

models

interactions

1. Original sized tube bundle modelleh
as one tube

With equivalent:
* flow area
* heat transfer surface area
* hydraulic diameter
* heated hydraulic diameter

/
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. 0 MELCOR 0 MELCOR
. Published e
12 papers reviewed specific paper related
2000-2021
papers to SMRs

Geometrical Nodalisation and model
Factors

implementation

= Helical Coiled Steam Generators— Results

Channel Friction factor and heat

transfer coefficient

interactions models

2. Single equivalent tube bundle

“unraveled” to make a single
inclined tube
With equivalent:
* Length
* Vertical change in height
* Corresponding to bundle
height

/
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= Helical Coiled Steam Generators— Results

. 0 MELCOR 0 MELCOR
. Published e
12 papers reviewed specific paper related
2000-2021
papers to SMRs

Geometrical Nodalisation and model
Factors

Channel Friction factor and heat

implementation transfer coefficient

interactions models

3. Unraveled tube divided into 3 parth

Superheated region * subcooled region
* boiling region
* superheated

Boiling region

Subcooled region

)

/
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. 0 MELCOR 0 MELCOR
. Published e
12 papers reviewed specific paper related
2000-2021
papers to SMRs

Geometrical Nodalisation and model
Eactors implementation

= Helical Coiled Steam Generators— Results

Channel

transfer coefficient

interactions models

Friction factor and heat

Oscillations between tubes
Especially for large differences in
temperatures, pressures etc.

MELCOR implementations:
* May not be resolvable (yet!)
* Possible in designs with
external SG

~

/

Page 29



PAUL SCHERRER INSTITUT

==

Published

12 papers reviewed 2000-2021

Geometrical

Factors

0 MELCOR
specific
papers

0 MELCOR

paper related

to SMRs

Nodalisation and model
implementation

Channel
interactions

Helical Coiled Steam Generators— Results

Friction factor and heat

transfer coefficient

models

e Correct modelling is important

for licensing

|

>

] —
1) —
it 1
1]
11—

Superheated region
Boiling region

Subcooled region

Table 19: Correlations used by and taken from Yoon et al. for their ONCESG computer code

Project Ref. [

Thermal hydraulic
region/quantity

Thermal hydraulic
phenomenon

Recommended
Correlations: Tube
Side

Recommended
Correlations: Shell
Side

Superheater Convective heat transfer SKBK, Mori-Nakayama, | SKBK, Zukauskas
to vapour Modified Bishop

Evaporator Mist evaporation Linear interpolation SKBK, Zukauskas
Xdryout Biasi
Forced convective heat SKBK, Kozeki, Chen
transfer through liquid
film saturated nucleate
boiling

Economiser Fully developed subcooled | Thom SKBK, Zukauskas

nucleate boiling

XNvG

Saha and Zuber

Convective heat transfer
to water

SKBK, Mori-Nakayama,
Seban-McLaughlin

Friction factor

SKBK, Mori-Nakayama

SKBK, Zukauskas

41\

/

Pa

ge 30
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= Helical Coiled Steam Generators— Results

. 0 MELCOR 0 MELCOR
. Published e
12 papers reviewed specific paper related
2000-2021
papers to SMRs

Channel Friction factor and heat

. ) transfer coefficient
Interactions el

Geometrical Nodalisation and model

implementation

Factors

* MELCOR implementations:
= Until recently no inclusion
of counter current flow
» Zukauskas model for the
shell side
* Helical coil SG heat
transfer model for the

k tube side /

Page 31




PAUL SCHERRER INSTITUT

= Helical Coiled Steam Generators— Results

Ul 0 MELCOR 0 MELCOR
12 papers reviewed specific paper related
At papers to SMRs
Geometrical Nodalisation and model Channel Friction factor and heat
implementation . . transfer coefficient
Factors Interactions models

e Zukauskas model HS_ZUKL/R: \
* Diameter (DIAM)
* Transverse (ST) and longitudinal

o
§ * f (SL) pitch for tube bundle
2,
®

* Aligned or staggered

* Correction factor (CORRECTION)
« Multiplier (MULTIPLIER)

Aligned Staggered

k * Number of rows (ROWS)
[13] /
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= Helical Coiled Steam Generators— Results

Published 0 MELCOR 0 MELCOR

12 papers reviewed specific paper related
At paptlerls to SMRs
Geometrical Nodalisation and model Channel Friction factor and heat
implementation . . transfer coefficient
Factors Interactions models
* Tube side helical coil SG model: \

e Subcooled water flow HTC
* Two-phase flow HTC
* Annular flow with nucleate
boiling — -2 Final two-phase HTC with the help
* Evaporating film condition of two functions (F and S)

N /
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Conclusion

Outlook

[I-J=» Conclusion and Outlook

Goal: Review sensitive parameters in MELCOR for modelling
improvements

Not many sensitivity or parameter studies performed with MELCOR
However, many studies conducted with RELAP, ATHLET, MARS, etc.
- confirms interest and necessity

Due to lack of papers: Potential of model developments
considerable

Common parameters to be investigated:

* Heat transfer

* Nodalisation

Follow up investigation of these parameters while modelling an
experimental facility

Page 34



PAUL SCHERRER INSTITUT

(={J=» Image References

[1] United States Government Accountability Office, Technology Assessment Nuclear Reactors Status and challenges in development and
deployment of new commercial concepts, GAO-15-652, July 2015.

[2] NuScale Power LLC, NuScale Standard Plant Design Certification Application, Chapter One, Introduction and General Description of
the Plant, Part 2, Tier 2, Revision 5, July 2020.

[3] S. A. Hosseini, R. Akbari, A. S. Shirani and F. D'Auria, “Analysis of the natural circulation flow map uncertainties in an integral small
modular reactor,” Nuclear Engineering and Design, February 2021.

[4] IAEA, “Advances in Small Modular Reactor Technology Developments,” Austria, 2020.

[5] IAEA, “Advances in Small Modular Reactor Technology Developments,” Austria, 2018.

[6] IAEA, “Advances in Small Modular Reactor Technology Developments,” Austria, 2016.

[7] IAEA, “Advances in Small Modular Reactor Technology Developments,” Austria, 2014.

[8] I. K. Madni and M. Khatib-Rahbar, “Modeling and phenomenological aspects of severe accidents in integral pressurized water
reactors,” in Small Modular Reactors Symposium, 2011.

[9] W. Ma, Y. Yuan and B. R. Sehgal, “In-Vessel Melt Retention of Pressurized Water Reactors: Historical Review and Future Research
Needs,” Engineering, vol. 2, pp. 103-111, 2016.

[10] International Atomic Energy Agency (IAEA), ,,Assessment and Management of Ageing of Major Nuclear Power Plant Components
Important to Safety: PWR Vessel Internals,” International Atomic Energy Agency (IAEA), Vienna, Austria, 2007. modified by Prof. H.-M.
Prasser, “Reactor Technology Lecture”, EPFL, Autumn Semester 2020.

[11] NuScale Power LLC, NuScale Standard Plant Design Certification Application, Chapter Five, Reactor Coolant System and Connecting
Systems, Part 2, Tier 2, Revision 5, July 2020.

[12] N. V. Hoffer, P. Sabharwall and N. A. Anderson, “Modeling a Helical-coil Steam Generator in RELAP5-3D for the Next Generation
Nuclear Plant,” Idaho Falls, Idaho, USA, 2011.

[13] Sandia National Laboratories, “MELCOR Computer Code Manuals Vol. 1: Primer and Users’ Guide Version 2.2.9541 2017,”
Albuquerque, USA, 2017.

[14] C. Wang, M. Peng, T. Cong and G. Xia, “Uncertainty analysis on natural circulation characteristics under ocean conditions,” Annals of
Nuclear Energy, vol. 128, pp. 300-308, 2019.

[15] N. E. Bixler, K. Ross, S. Weber, C. Sallaberry, J. Jones, S. T. Gosh, “STATE-OF-THE-ART REACTOR CONSEQUENCE ANALSYS PROJECT:
UNCERTAINTY ANALYSIS OF AN UNMITIGATED SHORT-TERM STATION BLACKOUT AT THE SURRY NUCLEAR POWER STATION,” Sandia
National Laboratories, Albuquerque, USA, SAND2016-6266C, 2016.

Page 35



PAUL SCHERRER INSTITUT

(== Project References

[1] IAEA, “Advances in Small Modular Reactor Technology Developments,” Austria, 2020.

[2] D. T. Ingersoll and M. D. Carelli, Handbook of Small Modular Nuclear Reactors, 2 ed., Elsevier, 2020.

[3] NEA, Small Modular Reactors: Challenges and Opportunities, OECD, 2021.

[4] Sandia National Laboratories, “MELCOR Computer Code Manuals Vol. 1: Primer and Users’ Guide Version 2.2.9541 2017,”
Albuquerque, USA, 2017.

[5] I. K. Madni and M. Khatib-Rahbar, “Modeling and phenomenologicl aspects of severe accidents in integral pressurized water
reactors,” in Small Modular Reactors Symposium, 2011.

[6] W. Ma, Y. Yuan and B. R. Sehgal, “In-Vessel Melt Retention of Pressurized Water Reactors: Historical Review and Future Research
Needs,” Engineering, vol. 2, pp. 103-111, 2016.

[7] S. ). Weber and E. M. Mullin, “Severe Accident Phenomena: A Comparison Among the NuScale SMR, Other Advanced LWR Designs,
and Operating LWRs,” Nuclear Technology, vol. 206, pp. 1351-1360, 2020.

[8] S. Galushin and P. Kudinov, “Analysis of the effect of MELCOR modelling parameters on in-vessel accident progression in Nordic
BWR,” Nuclear Engineering and Design, vol. 350, pp. 243-258, 2019.

[9] T. W. Kim, J. Song, V. T. Huong and D. H. Kim, “Sensitivity study on severe accident core melt progression for advanced PWR using
MELCOR code,” Nuclear Engineering and Design, vol. 269, pp. 155-159, 2014.

[10] Q. Xiang, J. Deng, J. Du, J. Bi, B. Chen and W. Li, “Research on debris in-vessel cooling and retention behavior for the small modular
reactor ACP100,” Progress in Nuclear Energy, vol. 134, 2021.

[11] L. Andriolo, C. Meriot and N. Bakouta, “Preliminary Investigations of the Feasibility of In-Vessel Melt Retention Strategies for a Small
Modular Reactor Concept,” Journal of Nuclear Engineering and Radiation Science, vol. 5, 2019.

[12] N. Jiang, T. Cong and M. Peng, “Margin evaluation of in-vessel melt retention for small IPWR,” Progress in Nuclear Energy, vol. 110,
pp. 224-235, 2019.

[13] D. Zhu, Q. Xiang, M. Zhang, C. Deng, J. Deng, G. Jiang and H. Yu, “Evaluation of in-vessel corium retention margin for small modular
reactor ACP100,” Annals of Nuclear Energy, vol. 94, pp. 684-690, 2016.

[14] L. Carénini, F. Fichot and N. Seignour, “Modelling issues related to molten pool behaviour in case of In-Vessel Retention strategy,”
Annals of Nuclear Energy, vol. 118, pp. 363-374, 2018.

Page 36



PAUL SCHERRER INSTITUT

(== Project References

[15] Sandia National Laboratories, “MELCOR Computer Code Manuals Vol. 2: Reference Manual Version 2.2.9541 2017,” Albuquerque,
USA, 2017.

[16] C. Wang, M. Peng, T. Cong and G. Xia, “Uncertainty analysis on natural circulation characteristics under ocean conditions,” Annals of
Nuclear Energy, vol. 128, pp. 300-308, 2019.

[17] S. A. Hosseini, R. Akbari, A. S. Shirani and F. D'Auria, “Analysis of the natural circulation flow map uncertainties in an integral small
modular reactor,” Nuclear Engineering and Design, February 2021.

[18] Y. Zhao, M. Peng, G. Xia and L. Lv, “Flashing-driven natural circulation characteristics analysis of a natural circulation integrated
pressurized water reactor,” Nuclear Engineering and Design, vol. 337, pp. 236-244, 2018.

[19] Y. Zhao, M. Peng and G. Xia, “Safety evaluation of the flashing-driven natural circulation IPWR against Loss-of-Feedwater accident,”
Annals of Nuclear Energy, vol. 142, 2020.

[20] B. R. Bristol, “Flat Plate Free Convective Heat Transfer,” 2015.

[21] K. Skolik, A. Trivedi, M. Perez-Ferragut and C. Allison, “LOCA-type Scenario Simulation for NuScale-SMR with
RELAP/SCDAPSIM/MOD3.4,” in NURETH-18, Portland OR, USA, 2019.

[22] K. Skolik, C. Allison, J. Hohorst, M. Malicki, M. Perez-Ferragut, L. Pienkowski and A. Trivedi, “Analysis of loss of coolant accident
without ECCS and DHRS in an integral pressurized water reactor using RELAP/SCDAPSIM,” Progress in Nuclear Energy, vol. 134, 2021.
[23] A. L. Costa, P. A. L. Reis, C. Pereira, M. A. F. Veloso, A. Z. Mesquita and H. V. Soares, “Thermal hydraulic analysis of the IPR-R1 TRIGA
research reactor using a RELAP5 model,” Nuclear Engineering and Design, vol. 240, pp. 1487-1494, 2010.

[24] L. Burgazzi, “State of the art in reliability of thermal-hydraulic passive systems,” Reliability Engineering and System Safety, vol. 92, p.
671-675, 2007.

25] L. Li, T. W. Kim, Y. Zhang, S. T. Revankar, W. Tian, G. Su and S. Qiu, “MELCOR severe accident analysis for a natural circulation small
modular reactor,” Progress in Nuclear Energy, vol. 100, pp. 197-208, 2017.

[26] L. He, B. Wang, G. Xia and M. Peng, “Study on natural circulation characteristics of an IPWR under inclined and rolling conditions,”
Nuclear Engineering and Design, vol. 317, pp. 81-89, 2017.

[27] C. Wang, M. Peng and G. Xia, “Sensitivity analysis based on Morris method of passive system performance under ocean conditions,”
Annals of Nuclear Energy, vol. 137, 2020.

Page 37



PAUL SCHERRER INSTITUT

(== Project References

[28] Y.-J. Chung, S.-H. Yang, H.-C. Kim and S.-Q. Zee, “Thermal hydraulic calculation in a passive residual heat removal system of the
SMART-P plant for forced and natural convection conditions,” Nuclear Engineering and Design, vol. 232, pp. 277-288, 2004.

[29] N. Jiang, M. Peng and T. Cong, “Simulation analysis of an open natural circulation for the passive residual heat removal in IPWR,”
Annals of Nuclear Energy, vol. 117, pp. 223-233, 2018.

[30] G. Xia, M. Peng and X. Du, “Calculation analysis on the natural circulation of a passive residual heat removal system for IPWR,”
Annals of Nuclear Energy, vol. 72, pp. 189-197, 2014.

[31] X. Liu and A. Schaefer, “Improvement of ATHLET modelling capability for asymmetric natural circulation phenomenon using
uncertainty and sensitivity measures,” Annals of Nuclear Energy, vol. 62, pp. 471-482, 2013.

[32] A. Cioncolini, A. Cammi, L. Cinotti, G. Castelli, C. Lombardi, L. Luzzi and M. Ricotti, “Thermal hydraulic analysis of IRIS reactor coiled
tube steam generator,” Nuclear Mathematical and Computational Sciences: A Century in Review, A Century Anew, 6-11 April 2003.

[33] G. Xia, Y. Yuan, M. Peng, X. Lv and L. Sun, “Numerical studies of helical coil once-though steam generator,” Annals of Nuclear
Energy, vol. 109, pp. 52-60, 2017.

[34] Z. Xu, M. Liu, Y. Xiao and H. Gu, “Development of a RELAP5 model for the thermo-hydraulic characteristics simulation of the
helically coiled tubes,” Annals of Nuclear Energy, vol. 153, 2021.

[35] N. V. Hoffer, P. Sabharwall and N. A. Anderson, “Modeling a Helical-coil Steam Generator in RELAP5-3D for the Next Generation
Nuclear Plant,” Idaho Falls, Idaho, USA, 2011.

[36] D. G. Prabhanjan, G. S. V. Raghavan and T. J. Rennie, “Comparison of heat transfer rates between a straigh tube heat exchanger and
a helical coiled heat exchanger,” International Communications in Heat and Mass Transfer, vol. 29, pp. 185-191, 2002.

[37] F. Mascari, G. Vella, B. Woods, K. Welter, J. Pottorf, E. Young, M. Adorni and F. D'auria, “Sensitivity analysis of the MASLWR helical
coil steam generator using TRACE,” Nuclear Engineering and Design, vol. 241, pp. 1137-1144, 2011.

[38] T. Bajs, N. Debrecin and V. Segon, “Assessment of discretisation approach for RELAP5/MOD3 computer code,” in International
Conference Nuclear Energy in Central Europe, Bled, Slovenia, 2000.

[39] H. Li, X. Huang and L. Zhang, “A lumped parameter dynamic model of the helical coiled once-through steam generator with movable
boundaries,” Nuclear Engineering and Design, vol. 238, pp. 1657-1663, 2008.

Page 38



PAUL SCHERRER INSTITUT

(== Project References

[40] Q. Lian, W. Tian, X. Gao, R. Chen, S. Qiu and G. Su, “Code improvement, seperate-effect validation, and benchmark calculation for
thermal-hydraulic analysis of helical coil once-through steam generator,” Annals of Nuclear Energy, vol. 141, 2020.

[41] J. Yoon, J.-P. Kim, H.-Y. Kim, D. J. Lee and M. H. Chang, “Development of a Computer Code, ONCESG, for the Thermal-Hydraulic
Design of a Once-Through Steam Generator,” Journal of Nuclear Science and Technology, vol. 37, pp. 445-454, 2000.

[42] H.-K. Kim, S. H. Kim, Y.-J. Chung and H.-S. Kim, “Thermal-hydraulic analysis of SMART steam generator tube rupture using
TASS/SMR-S code,” Annals of Nuclear Energy, vol. 55, pp. 331-340, 2013.

[43]Y.Yang, Y. Li, C. Wang, T. Wang, Z. Lan, D. Zhang, S. Qiu, G. Su and W. Tian, “Parametric sensitivity analysis of liquid metal helical coil
once-through tube steam generator,” Nuclear Engineering and Design, vol. 383, 2021.

[44] Sandia National Laboratories, “10th Meeting of the European MELCOR User Group,” 25-27 April 2018. [Online]. Available:
https://www.psi.ch/en/emug/2018-zagreb. [Accessed 18 February 2022].

[45] Sandia National Laboratories, “MELCOR Computer Code Manuals Vol. 1: Primer and Users’ Guide Version 2.2.14959 2019,”
Albuquerque, USA, 2019.

[46] Sandia National Laboratories, “MELCOR Computer Code Manuals Vol. 2: Reference Manual Version 2.2.14959 2019,” Albuquerque,
USA, 20109.

Page 39



PAUL SCHERRER INSTITUT

(=J=» Wir schaffen Wissen — heute fiir morgen

My thanks go to

the organisers of EMUG
2022 and to my
supervisor Mateusz
Malicki.




