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Background

% Reactor system analysis codes

® MARS-KS, RELAP5, COBRA-TF, TRACE and SPACE codes..
® has been developed for the realistic & best-estimate thermal-hydraulic analysis of nuclear
reactor system.
® Assessment tool for the safety and conservativeness of the nuclear system
® Semi-implicit method for the time integration scheme
® First order numerical methods in both space and time discretization
v Donor cell scheme (1%t order Upwind scheme)
® Widely applied in CFD calculations due to simplicity, high stability
® However, 15t order numerical scheme can lead to excessive nurrgleﬁrical diffusion!
" |t=20s R
% Numerical diffusion problem Analyical Solution K e
04 1 1st-order upwind I s
® Severe problem in the 15t order numerical scheme 5 —o— Coarse mesh | /.
® Make the gradients to be smooth in the regions where E 0.3 { Znd-onder upwind
the gradients should be steep @ | rmemen /
® Therefore, the accuracy of code can be deteriorated. E 021 .-’.{?.ﬁ‘
i 0.1 1 *E .":'I
< Higher order schemes N —/ A
® FLUENT, Star-CCM+, CFX etc. O e o om0 o
® QUICK scheme, Lax-Wendroff scheme, High resolution ¥
scheme etc. Numerical diffusion problem
® The Taylor series truncation error is decreased because source : HK. Cho, et al,
. Implementation of a second-order
of hlgh'er Order Of error terms S upwind method in a semi-implicit two
® Numerical diffusion errors can be minimized %Ees;,%%m,gawumwigﬁp



Background
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Next generation nuclear system safety analysis code

® RELAP7Y
v

INL(Idaho National Lab.) Lax-Wendroff
v' 2nd order accurate temporal and spatial discretization 7 crL=10
. o« . CFL=0.5
v' fully implicit method & fully coupled method g™ crL=o01
*  PCICE-FEM scheme 3 0|7 Bectsoluen
* JFNK method £
*  Point implicit method g e
® TRACE = 120
v" Oak Ridge National Lab. e . . " .
v Centeral difference scheme, 2" order upwind scheme Time (5
v" Non-linear flux limiters — MUSCL, Van Leer, Van Albada etc.. Upwind
® COBRA-TF 1o CrL=10
v"Univ. Massachusetts Lowell & Oak Ridge National Lab. g o
v' 2nd order Lax-Wendroff scheme 3 %0 | === Bactsolution
. . E 140
v Non-linear flux limiter — Van Albada £
RELAP-7 Timeline 3
= 120
FY 2012 FY 2013 110
-3equation single -7 €quation two - Develop the full setof - Develop and upgrade 21 22 23 24 25
phase phase flow g%%pg:zntg V?Rperform gﬁ;ﬁ?:ﬁd;ﬂ?ﬁe Time (s)
L it equation parameters
- Heat structures cég\g‘gﬁgﬁ{;ﬂﬁgam 'e)'ftf,?f;‘ﬁ élr; ggde for = Results comparison of 1st order
BB RPOE A available components scheme and 2" order scheme in
COBRA-TF
@ Source : Hongbin Zhang et al., RELAP7
Code Development Status Update and
RELAP7 Time line Future Plan, 2013
cation US55 rce : Hongbin Zhang et al., RELAP7 -~
Jpelvering alarge set  Codle Development Status Update and Korea Advanced Insttute of .
— ot A o015 KAIST Ziewmns™ & NPNP




Objective & Plan

/

% Research Objective

® To see the applicapability of higher-order numerical scheme in the nuclear system safety
analysis code.

® To evaluate numerical accuracy of higher-order numerical schemes.

® To identify the change of stability of higher-order numerical schemes.

X/

% Research Plan
® Separate single phase transient analysis code which is possible to calculate in 1st order and
2nd order scheme is built in MATLAB
v' It is impossible to implement directly 2nd order scheme in MARS-KS which is
reference code for this study.
v In this study, all of test cases is limited in single phase to see only the effect of 1st
order and 2nd order scheme.
® By modeling the simple pipe flow, numerical accuracy and stability of higher-order
numerical schemes are evaluated.
v" By using 2nd norm, the numerical accuracy is compared as increasing the mesh size
and higher-order schemes.

v The maximum Courant number is compared to identify the change of stability.
KAIST sriomin” S NPNP



Numerical Test

< Single phase pipe flow with sine pulse of temperature

® Description

| 20m |

m o
\ ;5
2
o
2 [}
0.5m g
[0}
'_
Pipe
Mesh 20 /40 / 80
tmdpvol — — | tmdpyol
tmdpjun zngliun . 1 . 1 . 1 .
”””””””” 0 5 10 15 20
Time (sec)
Configuration of Test Case Temperature Profile

v Sensitivity test depending on the higher-order schemes and mesh number
1st order in temporal and spatial (1T1S)
1st order in temporal and 2"d order in spatial (1T2S)
2nd order in temporal and 1st order in spatial (2T1S)

2nd order in temporal and 2d order in temporal (2T2S)

mesh number : 20 / 40 / 80 KAIST imsssiie (% NPNP



Numerical Results

% Single phase pipe flow with sine pulse of temperature

® Pulse width = 5sec & Interval = 1.5sec
(a) MARS vs 1T1S
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Numerical Results

% Single phase pipe flow with sine pulse of temperature

® Pulse width = 5sec & Interval = 1.5sec

(b) Higher order sensitivity in mesh 20

—— MARS_mesh20
355 . , . : . : —C—1T1S_mesh20
- —/—1T2S_mesh20
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Temperature (K)

Numerical Results

\/
0‘0

® Pulse width = 5sec & Interval = 1.5sec

(c) Higher order sensitivity in mesh 40
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Single phase pipe flow with sine pulse of temperature

(d) Higher order sensitivity in mesh 80
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Numerical Results

% Single phase pipe flow with sine pulse of temperature

v" Pulse width = 6sec & Interval = Osec

(a) MARS vs 1T1S

—0— MARS_mesh20
355 . : . : . : —O0—1T1S_mesh20
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Numerical Results

% Single phase pipe flow with sine pulse of temperature

v" Pulse width = 6sec & Interval = Osec

(b) Higher order sensitivity in mesh 20

—O0— MARS_mesh20
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——1T2S_mesh20
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Temperature (K)

Numerical Results

Single phase pipe flow with sine pulse of temperature
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v" Pulse width = 6sec & Interval = Osec

(c) Higher order sensitivity in mesh 40
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Numerical Results

% Single phase pipe flow with sine pulse of temperature

(a) Error comparison of 15t order scheme in space (b) Error comparison of 2" order scheme in space
0.1 . . . . —_— 01 p " " " " T ]
0.09 F- o [ R
0.08 L I ]
0.07 =- ///// -: : /”7:.;;::?/:;:7;7{6(/___,=::Ziii:i:::/// 1
0.06 F I e o
0.05 - »y/_/_,,«,««ﬂii;g{'iﬁ:ﬁ::/:""”‘""/ﬁ ; -
c o.04§_ o P _ 5 0.01F 4
e Tt L 0 MARS 5sec |5 | g I
- F --0--1T1S_5sec - ---0--1T2S_bsec
0.03 [ A 2T1S_Bsec [ --0-- 2T2S_5sec
C . ---v---MARS_6sec A 1T2S_6sec
- ~-<1-- 1T1S_6sec [ -—-x-- 2T2S_6sec
0.02 _ > 2T1S_6sec e 2nd order slope
e 1st order slope
. 1E-3 : : : : e
1 1
Mesh size (m) Mesh size (m)
Table.1 Maximum Courant number of NTS codes Table.2 Maximum Courant number of NTS codes
in case of pulse width 5sec and interval 1.5sec in case of pulse width 6sec and interval Osec
i 1T1S | 1T2S | 2T1S | 2T2S i 1T1S | 1T2S | 2T1S | 2T2S
Mesh 20 1.0 0.27 0.75 0.14 Mesh 20 0.9988 0.2628 0.7687 0.1349
Mesh 40 1.0224 0.27 0.6498 0.136 Mesh 40 0.9997 0.2499 0.6398 0.124
Mesh 80 1.0147 0.248 0.632 0.124 Mesh 80 0.9999 0.26 0.6119 0.128

Average 1.0124 0.2627 0.6773 0.1333 Average 0.9995 0.2576 0.6735 0.129 »



Summary

< Summary

/

The 2 order upwind scheme and 2" order backward Euler scheme are implemented for the
spatial and temporal scheme.

In the 1st order scheme, the temperature distribution is severely distorted due to the numerical
diffusion.

When the only 2"d order sheme in time are applied, the results are not much different from the
1st order scheme in both time and space.

In the 2" order spatial scheme, it is identified that the accuracy is improved and the numerical
dispersion can be occured.

When the 2nd order scheme in time and space are applied together, the numerical dispersion is

more severe and the lowest Courant number is indicated.

«» Conclusions

In terms of the accuracy of the code, the 2"d order spatial scheme is more influenced than the
2nd order temporal scheme.
The 2" order spatial scheme is more rigid than the 2nd order temporal scheme due to low
maximum Courant number.

In the 2" order spatial scheme, the numerical dispersion can be occurred.

KAIST S ™ .@NPNP



Further works

/

**» Further works

® For improving the applicability of the higher order scheme in thermal hydraulic system analysis
code, various higher order numerical schemes are needed to evaluate numerical accuracy and
efficiency.
v' 2 order Lax-Wendroff method, QUICK scheme etc..

® For increasing the stability of the higher order scheme, the flux limiters will be applied and
evaluate performance and applicability.
v" MUSCL, Van Leer, OSPRE, Van Albada etc..

® Finally, the optimum higher order numerical scheme will be evaluated and the application
methodology will be developed.

KAIST eosanin 28 NPNP
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Appendix

» Spatial Discretization schemes

R/
0‘0

R/
0.0

Upwind scheme (Donor cell scheme) — 15t order

v The value at a cell face is determined depending on the flow direction
2 (p$) + V(pus) = V(gradg) + 5 W o
v" In steady state, r
Fetpe — Fydbw = De(¢pr — ¢p) — Dy (Pp — dw) ,
TA b — :
F = pud ng —'“'r—'—“m_ .,3. e T
v Rearranging equation, | B Sxop | Bxee | Sxe
apdpp = awdw + apPg
v For positive flow direction v For negative flow direction
ap = ay + ag + (F, — E,) ap=ay +ag+ (F, — F,)
ay =Dy +E, ag=D, aw =Dy ap=D,—F
v Widely applied in early CFD calculations ) l | | | 3= oto
due to simplicity, high stability j e Wi
v" Numerical diffusion problem g .- \\\ |
Other 1st order scheme — Power law scheme, lé 0001 ”'\\_ |
Hybrid scheme etc. . \\:"*--H;,% -
PR N R

Positian (m)
Source : J.H. Mahaffy et al., Numerics —
of codes: stability, diffusion, and KAIST s atemmanny
convergence, 1993
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Appendix

» Spatial Discretization schemes

< Upwind scheme (Donor cell scheme) - 2"d order

v The value at a cell face is determined depending on the flow direction

ou(x,t) ta ou(x,t) _ 0 b b L3
ot ox i
utt -yl 3ul» — 4ul' , +ul',
=0 0
At +a A% fora> .
iy, =t
——

utt —uf Uy, + AUl =3y W ! P E
+a =0 fora<o0
At 2Ax 1 Bt E'pr_._l_-  dixp, Bae
v Implemented in ANSYS FLUENT 12.0, CFX, Star CCM+ etc. Source : HK. Versteeg, et al, An
introduction to computational fluid

dynamics, 1995

v" Numerical dispersion problem
< Other higher order scheme — QUICK shceme, Lax-Wendroff scheme, 3™ order MUSCL scheme etc.

| 1 f
0.8 % — Analytical solution
—#—First-order + BDF1 (400 cells)
—&— High-resolution + BOF2 [ 100 cells)
,g 0.6 i High-resolution + BDF2 (400 cells) ||
g | d
= I q 1.00E-06
204 t { . L %
o U,
> . £ . ..
% ] E 0.00€400 — Source : Ling Zou et al., Applications of
02 ¥ A g high-resolution spatial discretization
' q 100608 F——r—————1 scheme and Jacobian-free Newton-
; ' ' Krylov method in two=phase flow
0 . —r - xlm] problems, 2015
0 0.2 0.4 0.6 0.8 1
KAIST &niissis” 28 NPNP
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Appendix

» Time Discretization schemes

R/

<+ Backward Euler scheme — 1st order

v Stable implicit time integration method

du(x,t) ou(x,t) _
ot T4 0

du(x,t) Cutt -l N At (9%u T O(AL?
ot At 2 \ ot2 (%)
n+1 n+1

X/

% Backward Euler scheme - semi-implicit

v" To produce an approximate discrete solution by iterating
Un+1 = Vp + g(tn, )AL

Xns1 = Xn + f(tn, Vny1)At
v" Convective terms in the mass and energy equations, pressure gradient term in the

momentum equation, and the compressible work term in the energy equation evaluated at

the new time level

R/

+» Backward Euler scheme - 2" order

v" Implemented in RELAP7

du(x, t) C3uftt = 4uf uf !
ot B 24t
n+1

+ 0(At?)

KAIST enmsinis” 8 NPNP



Appendix — NTS code

» NPNP Transient System code
v Identical solver to MARS code (Semi-implicit)
v" Single phase governing equations
v" Option — 1t order in temporal and spatial
1st order in temporal and 2" order in spatial
2" order in temporal and 1st order in spatial

2" order in temporal and 2"d order in temporal

v Dittus-Boelter correlation for heat transfer coefficient in | Hydrodynamic sotver |-

Read input data
E Initialize

l

l

Heat structure solver

single phase
HIC = 0_023;_"{%) '}-S{P].v}u.q

i ¥

v" Friction factor model (Colebrook-White correlation for

turbulent friction factor)
g4

= _2-  DZRe<2?
A Red, ZRe 22200
(o - _ BEB0 _ _ __
MT = LE-ID— Re ]”L'T- anon — AL, zano) T A zone  for 2200 <
= —L"'lﬂ-gln[c, + I:]__l_l__glng_nl E_ :I
fhr TU Ly g
ﬂl.-'lul- I\.-.|'|..-| BFea I Fe g, |

v" Properties from NIST data base

Re < 3000

Pressure difference matrix

Iteration = lteration +1| ————

MXMN matrix solver

l

Mew time advance

AP — AT, AV
Mew time step
Variables update

’—
|

End

< Code Algorithm >

KAIST enmsinis” 8 NPNP



Appendix — NTS governing equations

» NPNP Transient System code — Hydrodynamic solver

/7

%  1st-order accuracy difference & Semi-implicit scheme in single phase governing equation

v" Convective term in the mass and energy equation
v Pressure gradient term in the momentum equation
v" Compressible work term in the energy equation

% Governing equations — Two phase, Two field model

v' Mass Continuity
g 1la Ay =
"%{ﬂfpf""gafﬁfpfvfﬂ' =Y

v" Momentum Conservation

8V,

iy —
R T B

v" Energy Conservation

é 1é rny = _pods P&
T @ePeUe) + 2 Aoep Usvelt) = —P— — (g VeA)

+ Q'FE+WE — T h,+DISS,

e, 1 vy _ &éF N
,—_:.-:::Epff-‘e.—‘{ = - u:atf{-‘g.E + oyp: B A — (0 pe A FTWE (V)

g la
E(u'ﬂpﬂ}-'-ié(mﬂpﬂviﬂj = %

E’VE+ 1 E'.-'; _ ap+ s
aopoi = gaﬂpﬁﬁﬁ = —E{RAE o p B Ao p A FWGEV,
F T ALY e p PO T | W — Ve
—C-::Ro:fp A
c - 1 & - _ ga, F@ )
E{QEFRLRJ+A_'_{E:{ e p U v A)= —15-‘F —EE(o:R?EA)

T Qg +_Q,f|’l':_g/h:+l".;h;: +DISs,

KAIST & wecmion
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Appendix — NTS Hydrodynamic solver

» NPNP Transient System code — Hydrodynamic solver

v" Momentum Conservation

&V, L1 avy aF R
AePeA—r + 50PA—— = — O A— + 0B A~ (P AT WE(Vy)
(= L Al =g i Ve Vgl
(Ve—W,) Ve v
—C ﬁl'e i -,
el L &t Eox 1'fE:-:J
2n ntl _ pnit
Vn+1 V;}i 4 1 Vf L+l Vf’_i Api+% P ( A)FWF"(V +1) +C
Arpr———-—t —qpps——=E = —qpf A ——2 — (a
P~ At 5 %rPs Ax f Ax 7 Pf fi
V" Mass Continuity
Zia p r+£im; peveA) =X
et TF A OF =
n+1 n

Prisd Prisd

R/
0.0

1 _
anl-l-

State relations

dp dp
n+1l —
p p +<6P>6P+<6T>6T

yntl = gn 4+ ou SP + ou 8T
B aP aT

= (P
2

, . dp dp
K## + arpyivi A Vi — appriAiVi =0 - UVt (ap) OPist sl <6T) OT 1 =DH+E(OF, 5= 0P,

v" Energy Conservation

) _.la

41 - _p%% _ 9 2
FrePe VD) T o (GeRsUsVed) Pec AE (Ve (p)ap 1+Y< p)ST A=D+E(OP, 3
o DD ‘ op)° it T T \ar i+

+ Qs Tl Tn_h:-— DISS,

2

KAIST

— 6P,
= i+

%) +F (SPH% - (SPi_l)

Korea Advanced Institute of
Science and Technology

)T

6P 1 —6P.
1+ 1A

2

2

)
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Appendix — NTS Hydrodynamic sol\

N

» NPNP Transient System code — Hydrodynamic solver

«»  Pressure difference matrix
-(ap

A 6T)=5+E(6Pi+%—6Pi 1)~ F (8P, =8P 1)

+2 l+§ l—i

v Multiplying above matrix by A~ results in a single equation
involving pressures.

~AFSP s+ (1 + AE+ ALF)OP 1 — A'ESP 5 = A7'D (1)
2 2 2

T3 = 47D + A7 (6P, 5 ~ 0P, 1) ~ AF (o,

i1+ l

l+§

2 t+3

— P 1) )

v" N X N sparse matrix in a system containing N volumes
v Pressure difference of each volume is substituted into eq.(2)

and the velocity equations.

(1+ A-1F + 4-1F) _AE 0 0 _A-1F
_A-1p _ _ _
ATF (1+ A-1F + 4-1F) _AiE 0 0
_A-1p _ _ _
0 ATF (1+A'E+A71F) —-A7E 0
—AE 0 0 0 (1+A'E+A4A71F)

Read input data
E: Initialize

l

Iteration = lteration +1

l

Derivatives B
matrix elemeants solver

l

Preszure difference matrix

M¥M matrix solver

raIST

l

Mew time advance

AP — AT, AV
Mew time step
Variables update

l

Heat structure solver

l

@

l

End

6P, 1
l+5

< Code Algorithm >

Korea Advanced Institute of
Science and Technology
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Appendix — NTS Heat structure solver

A\

NPNP Transient System code — Heat structure solver

/7

% Heat Conduction

”inT,fr%i % 4)d7 = _[_[1-—.(T. R)VT(E, t) o dE—‘[_I‘J‘F;i}—':,tjd"-.'
w7 =3 w

v In cylindrical coordinate

Tiva —Ti\ _ Ii—Ti4
T —Tf ri+% ( Ar ) ri_% ( Ar )
p AL =k +S

v" Crank-Nicholson method (w = %2)

kAtTi+1

Ar
i+2

TR+l _n
i i n+1 n
= wé! 1-— .
Pt we (=S kAtr, 1
ai = —w Ar 12 bi* = pArr; + ai' + ¢ ¢ =-
QPTIEL+ BIT T = 4 2
bl = alT | + bIMTI +cPT + wS™ i ArAt + (1 — w)S™rArAt
b7 t 0 0 af T
N X N sparse matrix ey I
! bin Cin 0 0 Tl_n+1
0 a? bln Cin 0 Tin+1 = di
n n n Tnt+1 KAIST oz vancet nstiute o
C; 0 0 a; bi i Science and Technology
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