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SMART SLB analysis with OpenFOAM/TRACE/PARCS

« SMART - introduction to the overall system
« SLB transient sequence (+ steady-state parameters)

* OpenFOAM/TRACE/PARCS

» Codes coupling methodologies
* Modeling

« Computational configuration

« Steady-State (SS) results

« Transient (TS) results

 Conclusion and Outlook
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SMART Reactor &(IT
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The SMART RPV Two SGs share one PRHRS loop
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SMART SLB transient sequence ﬂ(IT

A Karlsruhe Institute of Technology
SLB sequence: from Steady State (SS) <> Tsv
| MsL
RPV Cylindrical SG1 double « SIV
end breaks %, /s ooooooo P
HX \‘\\ \\,' I.: N < <~ <> < <— < c—
HIPZaN N N N Pas < > >
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Structure -
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SG-3
SG-4
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X
PHRS-3

AaN
PHRS-4
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(da)

i__% _______ %__:\\ i\\\\ i i i i
FW | L

| [ [ |

_ o e 'l %
Primary side FWIV PHRSIV
Thermal power (MW) 330.0 Core outlet temperature (K) 596.15 Solid shapes - close
Initial Empty shapes — open
g Core mass flow rate (kg/s) 2006.4 Main steam line mass flow (kg/s) 160.8
Conditions
Core inlet temperature (K) 568.6 Main steam line pressure (MPa) 5.2
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SMART SLB transient sequence ﬂ(IT
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SLB sequence: transient (TS) 2. TSV close
1. SG1 double 2. All SIV close MSL
RPV Cylindrical end breaks , A
HX \“x\\happen \ j N S

_________________

Core Cylindrical |-

I — — - el ~ ™ <
i | . :\g“.' PAREN ol |3 ol |2 | NEPYRL:
N} AvAICIRE 2RI Q| x|l Q| x| |O Ol x||O
3GF coupling|interfaces  pegr-. | |” CHEN “1E “TENT
I ‘ I I I ‘ I | l Structure 1) & « \
T T ] __________________ [ zgmiin RS .
i % i :\\ i \\\ i i i i
:___________________: \\‘ \\\4
Primary side 2. All FW decrease to 0.0 2. All FWIV close 2. All PHRSIV open
1. SG1 double end break happen, Loss of offsite power , at the same time; Solid shapes - close

2. Pumps coasting down, SG1 pressure decrease under 2.0 MPaq, Empty shapes —open

3. SCRAM, SIV/FWIV/TSV close, PHRSIV open.
The total transient is 500s and the SLB happens at 100s.
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SMART SLB analysis with OpenFOAM/TRACE/PARCS

« SMART - introduction to the overall system
« SLB transient sequence (+ steady-state parameters)

 OpenFOAM/TRACE/PARCS

» Codes coupling methodologies
* Modeling

« Computational configuration

« Steady-State (SS) results

« Transient (TS) results

 Conclusion and Outlook
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OpenFOAM/TRACE/PARCS AT
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Codes coupling methodology — via ICoCo

Out-vessel Control rod drives

structures A : Mass flowrate O O
\, Pressurizer Coolant T O O
A .
f

S .||<

OO

- Steam generator

|
—~ >
i g_- - Pressure O O

SG outlet
4 Control rods TRACE 2D OpenFOAM
.| Core Core inlet
(<= =>
\} u """""" Vessel Q Pressure Q
4—
[ ] OpenFOAM - CFD Mass flowrate
[ ] PARCS - Neutronic
© Interface between TRACE and OpenFOAM The field mapping between codes are
® Interface between TRACE and PARCS by MEDCoupling
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OpenFOAM/TRACE/PA

Modeling: TRACE— RPV TH, OpenFOAM- downcomer lower plenum TH, PARCS- Core NK
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OpenFOAM/TRACE/PARCS AT
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Modeling: TRACE— RPV TH, OpenFOAM- downcomer lower plenum TH, PARCS- Core NK

PRHRS: Passive Residual Heat Remove System

PRHRSIV: Passive Residual Heat Remove System Isolation Valve

ECT. Emergency Cooldown Tank

HX: Heat Exchanger

_________________________________

pm——————————
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{ ) y (X | 'X f
§ : i TR :
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TRACE model - PRHRS PARCS/SCF model - Core
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OpenFOAM/TRACE/PARCS AT
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Modeling: TRACE— RPV TH, OpenFOAM- downcomer lower plenum TH, PARCS- Core NK

Inlet
Boundary
Condition
o Porous Media
Flow Mixing FMHA Inlet
Header Assembly
Porous Media
Outlet FMHA Outlet
Boundary
Condition
. Porous Media
Skirt Skirt
OpenFOAM model - CAD OpenFOAM model - Mesh
Element count Aspect Ratio Orthogonal Quality
40 million Avg. 2.64 Avg. 0.11 Avg 0.944
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OpenFOAM/TRACE/PARCS AT
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Computational configuration
Speed-up Ratio

CPU | Time CPU x Speed-up —e— Real
(h) Time Ratio 14001 —— |deal
51.45 19551 1 (Ref)
= 1200
760  26.26 19958 0.9796 a
1520 17.82 27086 0.7218 S 1000
X
o
)
g 800
 We use 1520 cores (20 nodes x 76 cores). & 6004
« Wall-time applied is 70 hours.
« The transient time runs up to around 104 s. 400+

400 600 800 1000 1200 1400
Cores [-]
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Results: Steady State (SS) - Global

TRACE/PARCS (ref) TRACE/PARCS/OpenFOAM Diff %

Primary pressure (MPa) 15.0 15.0
Core Power (MW) 330.0 330.0 0.0
Coreinlet T (K) 567.36 566.62 0.13
Core outlet T (K) 594.76 594.15 0.10
Core mass flow rate (kg/s) 2090 2092 0.09
Core pressure drop (kPa) 35.1 35.1 0.0

Diff = abs(TRACE/PARCS/OpenFOAM - TRACE/PARCS)/100
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OpenFOAM/TRACE/PARCS AT

ReSUItS Steady State (SS) — Detall Karlsruhe Institute of Technology

400 T I T T T T

350+ ]

= 300 .
2
Y L = = 3.26+00
2 250 G-© Sector 1 .
(™ - 2.8
2 5—£] Sector 2 - ’W"” : - g.i
ke &< Sector 3 ] (AT IR 22
200 A4 Sector 4 LA, k-2 §
I Sector 5 I 1:2 €
The RPV mesh of TRACE has 150 << Sector 6 - S22
: Sector 7 -1 =
8 sectors azimuthally, - - Sector 8 08
corresponding to 8 SGs 100 : ' : | : ' - [ : 04
0 20 40 60 80 100 - 0.2
. 0.0e+00
Time (s)
Mass flowrate at the core inlet (Coupling interface) Coolant velocity in OpenFOAM domain

» The hydraulic field converges quickly proving well-established models and coupling schemes.
« Large vortex in the lower plenum because of the skirt.

« Obvious low-velocity area at the bottom of the lower plenum.
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OpenFOAM/TRACE/PARCS AT

Karlsruhe Institute of Technology

Results: Transient (TS) — Global

SLB 4e+08 T T T T 150 T T T T
i G—O TRACE/PARCS/OpenFOAM ] G—© TRACE/PARCS/OpenFOAM
B G- TRACE/PARCS g -1 TRACE/PARCS
3e+08 ] _
TRACE < 100 E
! RPV s =
o 5 2e+08 — é
2 g =
3 )
uc:G & 50 .
le+08 — — “
SLB happens in sector 3, - L@\
influencing 3 and 4 (PRHRS) . . s6— — : . 1 1 o e ao
SG1 2 connect to sector 3 and 4 0 o 100 0 20 100
ime (s) Time (s)
Core total power Pump speed

« SLB happens:
« Total power quickly decreased to ~6% nominal power, then gradually decreased to ~3.5% at 100s;
* Four main pumps gradually coasting down to 0.0 rad/s at 165s.

« TRACE/PARCS/OpenFOAM and TRACE/PARCS have almost the same global behavior.
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OpenFOAM/TRACE/PARCS
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Results: Transient (TS) — Global

SLB 590 T T 590
580
TRACE _ 570 _ 570
1) ]
RPV P S 4
v 5 5
yo] © = 560
Q9 S 2
8 5 GO Sector 1 5 "\ G—© Sector 1
£ = 550 3£ Sector 2 = 550 \ / (3—=1 Sector 2
© / &€ Sector 3 \ / &— Sector 3
sa0l A—A Sector 4 <10l \\ / A4 Sector 4
SLB happens in sector 3, ' o zﬁ‘cmrf . 2“‘:“2
. . Sector 6 ector
influencing 3 and 4 (PRHRS) . | Sector 7 J . | Sector7| |
SG1 2 connect to sector 3 and 4 0 g | LSectors] 100 ! ey | Lsecor8] 0
SG outlet T— TRACE/PARCS/OpenFOAM SG outlet T— TRACE/PARCS
« SLB happens:
« SG1 - T decrease due to vaporization, T increase due to failure of PRHRS1;
« SG2-Tincrease due to failure of PRHRS1,;
« SG3-8 —T slight perturbation thanks to PRHRS2-4.
« TRACE/PARCS/OpenFOAM predict similar results as TRACE/PARCS.
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OpenFOAM/TRACE/PARCS AT

. Karlsruhe Institute of Technology
Results: Transient (TS) — Global
SLB 300 : 300 : ) :
i G- sector 1| | o dé—-f G—O Sector 1
250 3£ Sector 2| | 250 361 Sector 2 B
i Sector 3| ] [ Sector 3
TRACE 200 A-A Sector 4| 200 A4 Sector 4 —
= i Sector 5 = Sector 5
¢ RPV EE 150 - << Sector 6 ::af 150 - <—<] Sector 6 n
° z Sector 7 Z Sector 7
9 = »—x Sector 8 = »— Sector 8
8 2 100~ 2 100
= = =
50— > — 50 —
SLB happens in sector 3, B ol
influencing 3 and 4 (PRHRS) A ; | I
Il ‘ 1 I
SG1 2 connect to sector 3 and 4 0 50 100 0
Time (s) Time (s)
SG mass — TRACE/PARCS/OpenFOAM SG mass — TRACE/PARCS

« SLB happens:

« SG1-Mincrease due to lower T, decrease due to failure of pumps, increase thanks to natural circulation;
« SG2-8 — M decrease due to failure of pumps, increase thanks to natural circulation;
« SG1-2 - M goes lower due to a higher T.

« TRACE/PARCS/OpenFOAM predict similar results as TRACE/PARCS.
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Results: Transient (TS) — Global

SLB 300 - ; - , 300 ; ,
GO Sector 1 a;“__\_ GO Sector 1
250~ 3—£1 Sector 2 ] 250 [3-£1 Sector 2 .
r Sector 3 1 3 Sector 3
TRACE 200 44 Sector 4 — 200 - A—A Sector 4 |
» Sector 5 © Sector 5
¢ RPV ED \ <+ Sector 6 ED <4—<] Sector 6
© £ 150 \ Sector 7 - z 150 Sector 7 ]
(0] = \ g ‘
U l-:; *—x Sector 8 ? *—x Sector 8
tIG:) é 100 - ‘ZLG 100 |-
(v
50 50
SLB happens in sector 3, -
influencing 3 and 4 (PRHRS) 0 0
1 | 1 | 1 | a 1
SG1 2 connect to sector 3 and 4 0 50 100 0 50 100
Time (s) Time (s)
Core mass — TRACE/PARCS/OpenFOAM Core mass — TRACE/PARCS

« SLB happens:
« Core inlet sector 1-8 — Synchronously, M decrease - failure of pumps, increase - natural circulation;

« TRACE/PARCS/OpenFOAM predict similar global results as TRACE/PARCS, but:
« TRACE/PARCS predict reverse flow at the core inlet;
« TRACE/PARCS/OpenFOAM gives always upward flow though very low.
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OpenFOAM/TRACE/PARCS

Results: Transient (TS) — Global

SLB

TRACE
RPV

affected «

SLB happens in sector 3,
influencing 3 and 4 (PRHRYS)

SG1 2 connect to sector 3 and 4

« SLB happens:

Mass Flow (kg/s)
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50
Time (s)

Core 1/8 mass

Temperature (K)
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Karlsruhe Institute of Technology
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I T I

G—© TRACE/PARCS/OpenFOAM - inlet
3£ TRACE/PARCS/OpenFOAM - outlet
&-<© TRACE/PARCS - inlet
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560
0

50 100
Time (s)

Coolant average T at core inlet and outlet

» Core inlet sector 1-8 — Synchronously, M decrease - failure of pumps, increase - natural circulation.

« TRACE/PARCS/OpenFOAM:

« Coreinlet T - tiny changes; Core outlet T decrease — SCRAM, increase — M decrease.
« Coolant T curves of TRACE/PARCS indicate the reverse flow.
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OpenFOAM/TRACE/PARCS

Results: Transient (TS) — Global

SLB

TRACE
RPV

Sectors

affected «

SLB happens in sector 3,
influencing 3 and 4 (PRHRYS)

SG1 2 connect to sector 3 and 4

« SLB happens:

19

Pressure (Pa)

15.25

150

,_.
.
~I
U

14.5
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14

G—9 TRACE/PARCS/OpenFOAM

G- TRACE/PARCS

50 100

Time (s)

Pressure — pressurizer bottom

Height (m)

2.925

2.94

o
oo
~I
%)

2.85

2.825

AT

Karlsruhe Institute of Technology

I

2.8

I T I

G—© TRACE/PARCS/OpenFOAM
B3-4 TRACE/PARCS

Primary pressure gradually goes from 15 MPa down to around 14.25 Mpa;
The water level in the pressurizer gradually goes from 2.9 m down to around 2.825 m.
TRACE/PARCS/OpenFOAM predict similar results as TRACE/PARCS.

50 100

Time (s)

Water level in the pressurizer
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OpenFOAM/TRACE/PARCS AT
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Results: Transient (TS) — CED — 100s

é 2.2e-01 5.8e+02
% -02 [576
0.18 574
udz) - 0.16 ° - 572
CU o —0.14 'g - 570
" ~012 E — 568
. — 0.1 8) 566
SLB happens in sector 3, 008 = "
influencing 3 and 4 (PRHRS) 0.06 562
0.04 560
SG1 2 connect to sector 3 and 4 0.02 568
0.0e+00 5.6e+02
Velocity magnitude Coolant temperature

 100s:
» Natural circulation preliminarily established;
« Obvious 3D unsymmetrical effect in coolant velocity and temperature observed.

« The strong unsymmetrical flow condition at the downcomer inlet is sufficiently flattened in the
downcomer and further omitted by the skirt, while still a slight uneven T at the core inlet.
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Results: Transient (TS) — CED — 100s

5.8e+02
576
574
572

— 570
— 568
— 566
564
562
560

558
5.6e+02

e 100s: Coolant temperature

* The strong unsymmetrical flow condition at the
downcomer inlet is sufficiently flattened in the
downcomer and further omitted by the skirt, while still a
slight uneven T at the core inlet.

4 5
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OpenFOAM/TRACE/PARCS

Results: Transient (TS) — CED — T evolution with time
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OpenFOAM/TRACE/PARCS

Results: Transient (TS) — CED — T evolution with time
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Temporal Coupling of TRACE/PARCS/OpenFOAM
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What we are using now

Start  Explicit
Initialization
omm e mmne oo
Linearization i
Core NK loop
Y - Data exchange
. 4 -
Linearization i
Core TH loop !
v iData exchange
Linearization i
LP.UP TH loop
Lo .}. ______
Termination
v
End

26

What we have now

What is promising

Start Semi-Implicit start Implicit-form 1 start Implicit-form 2
Initialization Initialization Initialization
RN T T T + ------------ \ T T T + ------------ \ T T T T + ------------ \
! T T mEm e - \ ‘I ‘I ‘I
i < N E - I ettt 5 1 e I ettt 5 1
i Linearization i i i Linearization i i i i
! Core NK loop ! Core NK step | ! Core NK !
=l R A , i = i =
% X Y | | Dataexchange g : § : Y | | Dataexchange ! 3 % X v rso. i % !
Q A i A . o> g Ly P Q A Q | Q A
Q | i = | Q! = Q ! 3 Q !
< . N I 34 = . . LS < N <
S Linearization i SRS ! Linearization i = ) ! Q i S !
1 = ! — =
S ! Core TH loop &+ g1 3 Core TH loop 1§ S Core TH S | S |
Q o H S Q | HES Q S H Q
S | 5T pata o S8 4 S 8 &
3 v ! ; Data exchange S, v | ; Data exchangei 3 . v i 3
1 ! e H 1 ! i 1 i :
: Linearization i i : Linearization ! : : :
1 H 1 i 1 H 1
! LP.UP TH loop i i ! LP.UP TH step - ! LP.UP TH - !
! -+ ' ! — S ‘ ! — S ‘ !
, - > / h . ’ . /
_____/ ___________ ’_ __________ 7l N e e e e e e - ’_ __________ 7 I VN e e e e e - ’_ __________ 7
Termination Termination Termination
v Timestep repeat v v
End End End
of OpenFOAM?
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Conclusion and Outlook ﬂ(IT

Conclusions from the SLB - TRACE/SCF/OpenFOAM-ICoCo from a physical viewpoint: e e Tl

« During the SLB, Globally:
« SLB happens in SG1 secondary loop, SCRAM, and main pumps coasting down;
« SG1 primary T decrease(SLB) — increase (15t PRHRS fail, pumps fail) — decrease (other PRHRS);
« SG2 primary T increase (1%t PRHRS fail, pumps fail) — decrease (other PRHRS);
« SG3-8 primary T slight perturbation (2nd 31d 4th PRHRS).
* During the SLB, CFD:

« Strong 3D unsymmetrical flow conditions observed in the CFD domain;

« From downcomer inlet to core inlet, coolant well mixed.
« The reactor stay safe in and after the SLB accident.
Conclusions from the SLB - TRACE/SCF/OpenFOAM-ICoCo from a technical viewpoint:

» Significant instability issue for low-pressure drop condition, OpenFOAM timestep repeat problem.
Future work:

* Finalize semi-implicit coupling, and implement implicit coupling, thus enhancing stability.
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