OpenfFOAM £H =85

4 SE| (ex-kjt@kaeri.re.kr), 74 HE|
StF A E AR FA IS+ 2 AR

2016 51" OpenFOAM Korea Users’ Community Conference
2016. 9.29
et k]



mailto:ex-kjt@kaeri.re.kr
mailto:ex-kjt@kaeri.re.kr
mailto:ex-kjt@kaeri.re.kr

o To Contents

« Introduction
— Research background
— OpenFOAM solver algorithm:
— Solver modification

- Convergence characteristics
— Numerical test of the solvers

¢ summary
— Let’s discuss what we do

Powered. //1/ Korean Nuclear OpenFOA M Community 5th OpenFOAM Korea Users” Community Conference 2



gy LE

o R Moderator circulation flow

« Buoyant and momentum forces acting on the fluid flow
— Moderator flow around horizontal bundles inside an calandria tank of CANDU-6 reactors
— Flow injection through inlet nozzles and volumetric heat source

Moderator tank
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Fig. 1 Moderator circulation flow of CANDU-6
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Table 1. Water properties

Parameter Value

T

(Inlet temperature) 47.3°C

S0000000R 0000000000
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OPPeRRRITOC000OTTO0RRS p g m
OTeEHRIDO0T00000TVOTRID | S—)
gooeaNdTeNosuovovoto0e BN
OSONUUURNO000000H0LDES

SBE0H000000000000000
CEBaaN00000000000aGG

CEANANN000000000GE 5 X 10_4 K_l
ocodtaganocoococooNNLG

SO0O0AECEOSOoOoDON0

o0ovooooooTany

0000000000 CD
2 -X- X313

v 5.5x104 kg/m-s

Cp 4,207 J/kg-K

k 0.659 W/m-K

Total # of elements: 6,740,446
- Hexahedron: 5,112,270

- Pyramid: 13,112

- Triangular: 1,615,064
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T s AN Moderator circulation flow

« Total Thermal Power = 100 MW
— Radial and axial power distribution

Q,(r,2)=Q,f.(r)f,(2)
f (r)=0.94588—-0.01989r +0.0995r* —0.03888r> —0.00256 r* (0.0 < r <3.38 m)
f (z2)=1.0-0.11117* (-3.0<z<3.0m)

» Boundary/initial conditions
— Mass flow rate at each inlet = 127.4 kg/s (Total Massflow = 1,019 kg/s)
— No-slip at the wall
— Outlet pressure: fixed, & zero-gradient otherwise.
— Inlet temperature = 47.3 degC
— Adiabatic at the wall
— Initially stationary & isothermal.
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§o, < O OpenFOAM solver algorithm

-’

® Basics solution algorithm of the OpenFOAM solvers
v Incompressible momentum equation

%(U)+V-(UU)+V-T:—Vp+S
v" Discretized momentum equation
AU=H(U)-Vp 4= HU)=-> AU, +S,

v' predictor step

. HU) vp e H_*) . _(i ] .
U = _ =U" .S, = .S, vp| S,
A a7 [/x VIS

v' Continuity equation

V-(U)=0



— ,.» __OpenFOAM solver algorithm (2)

® Basics solution algorithm of the OpenFOAM solvers
v' Corrector step

- H ) - 1 _
=U,-S, =|—| -S,-| —vp]| -S,
! (Aujf (AJ pjf
H(U - \Y -
V'(U)=Z¢=0 ) Zf:( '(Au)jf.Sf:Zf:(Kpj -S

u-HU) vp
A A
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=« buoyantBoussinesqSimplefoam

® Body force

v' Momentum equation with body force
= Boussinesq assumption for incompressible flow

0 .
momentum eaq. a(pU)—I—V-(pUU)—I—V-pT:—Vp+pg+ps

density p=py—pBT-T,)  mmmp p£=1—,5(T—To)=1+,0'=,0k

0

. : 0 r
apply boussinesq assumption a(poU)+V-(poUU)+V-pOT=—Vp+pg+pOS

divide by p, %(U)+V-(UU)+V-T:—Vp'+pkg+S
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Body force issue

® Body force

v' Momentum equation with body force
= Boussinesq assumption for incompressible flow

momentum eaq. %(U)+V-(UU)+V-T=—Vp+pkg+S - pP=p

pressure and body force  —Vp+p,g=-V(p-pgh)—ghVp, =-Vp, —ghVp,

B -
modified momentum eq. a(U)+V-(UU)+V-T= -Vp,, —9hVp, +S
discretised momentum eq. AU=H(U)-Vp,, —ghVp,
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Body force induced problem

® Body force is strongly coupled with pressure gradient

v' Especially in low-momentum flow such as a natural convection, pressure
gradient from the body force is bigger

v In some cases, flow near wall is contaminated because of its low momentum
= solution problem
= checker-boarding pressure field
= decoupling of pressure and velocity field
* remedy
» body force added on cell faces for the non-staggered mesh method
= body force weighted pressure interpolation
= wall pressure extrapolation using body force

Py = Pp + VP, - dS, VP, = 9
= cell-face pressure interpolation (Numerical Heat transfer B 68, 2015)
1 _ .
Py ZE(pl_i_pr) p=p+pg-di P =p;+pQ-d
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g ?,,,g in buoyantBoussinesqSimplefoam

® Pressure
v" Pressure changed by
= hydrodynamic, hydrostatic, thermodynamic et al.

v' Pressure equation in buoyantBoussinesqSimpleFoam
= hydrodynamic pressure

prgh p pkgh

v onwall, U=0, then momentum equation becomes
= In general solver
= dp - dp .
-Vp+p,09=0 B Vp-S; = an S;=n9-S; ® d—n:p"g'n
= In OpenFAOM
dp,,

d
_vprgh_ghvpk:O » Vprgh'Sf —-ghVp, - S » dn =—gh Cll(;k

= implemented in the solver and fixedFluxPressureFvPatch
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T s AN Convergence problem
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® Solution oscillating
v" Physical oscillation = must be captured
v numerical oscillation = must be removed

v" But sometimes it is difficult to distinguish the physical and numerical
oscillation

® Why not converged or oscillating?
v' numerical schemes problem
v"mesh non-orthogonality problem
v p-U/p-T-U coupling problem
v Initialization problem
v physical model problem such as a turbulence model



| "-orthogonality correction in OpenFOAM

® Need for non-orthogonality correction
v" Cross diffusion of the pressure Laplacian term is increased

® It is different from standard SIMPLE algorithm
v" In standard SIMPLE algorithm pressure correction eq. is solved
v' Before solving p’ eq. it is not known

® OpenFOAM solves pressure equation

v' Cross diffusion of the pressure Laplacian term can be calculated before
solving the pressure equation



<« Modification of OpenFOAM solvers

® Pressure relaxation

v’ Before or after momentum correction? (NextFoam Z x|, 2015 OKUCC)

v" Many SIMPLE-based CFD codes do the p-relaxation after the velocity
correction.

flux update
U update
pressure relax

v" OpenFOAM does the p-relaxation before the velocity update .

flux update = phi = phiHbyA - p_rghEqgn.flux();
p relax = p_rgh.relax();
U update =» U = HbyA + rAU*fvc::reconstruct((phig - p_rghEqn.flux())/rAUf)

v" Modified solver

phi = phiHbyA - p_rghEqn.flux(),

U = HbyA + rAU*fvc::reconstruct((phig - p_rghEqn.flux())/rAUf)
C p_rgh.relax();
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| Improvement of pressure implicitness

® Discretized momentum equation
AU =H(U")-Vvp"

v U is predicted value
v but, p" is previous value. =) semi-implicit

® Additional pressure equation
A U™ =HU™) -Vp’
v' Before solving the momentum eq., construct pressure equation
pevi 00 s () s 3[R0 52

v Now, we get a guessed pressure
AU =H(U)-Vp




B
D S
-

S — ',I } e S
e ‘41' 9y

o Numerical test

® OpenFOAM version for numerical test
v' OpenFOAM 2.4
v' OpenFOAM 3.0
v' OpenFOAM dev
® OpenFOAM solvers for numerical test
v’ simpleFoam
v buoyantBoussinesgSimpleFoam
v buoyantBoussinesgPimpleFoam
v buoyantSimpleFoam
v buoyantPimpleFoam



O pimpleFoam

® OpenFOAM version
v' OpenFOAM dev
® Solver modification
v" additional pressure prediction before solving momentum egq.

® Test case

v lid-driven cavity flow problem
- Re = 10,000
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Lid-driven cavity flow

® Solver: pimpleFoam

® max Co number 50
v" run in PISO mode
® checker-board in pressure and velocity fields

135.0s 13505
U Magr P
]_E 1.13—E
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0.5
0
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g Lid-driven cavity flow (2)

® Solver: modified pimplefoam ! e
Cal
® max Co number 50 08 |
v run in PISO mode 06 |
® checker-board in pressure and velocity = , |
0.2 +
0
Time: Os -1 1
u
H?—E 1 : : ' Ghia ' -~
E' Calc
é‘”f’ 05 |
—0.2127E
-0.5
-1 i
0 0.2 0.4 0.6 0.8 1



- simpleFoam

® OpenFOAM version
v' OpenFOAM dev
® Solver modification
v" additional pressure prediction before solving momentum egq.
® Test case
v’ Skewed lid-driven cavity flow
- cavity skew angle: 15°

- Re = 1x103
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R - simpleFoam

® Solver: standard simplefoam
® Numerical schemes

v div(phi,U) bounded Gauss linear

v" nNonOrthogonalCorrectors 2 025
-
0

U Magnitude

IIIIIIIQ]?IIIIIII%{?III\H
_I|

0.04 Erturketal. = =«
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® OpenFOAM version
v' OpenFOAM 2.4
® Solver modification
v’ pressure relaxation after velocity update
® Test case
v" King’s natural convection problem
- Ra = 4.3x1010
-Pr=0.71



_Convergence characteristics (2)

buoyantBoussinesgSimpleFoam

W, =03, o,=01

Iter: 10000

U Magnitude
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==/«: -~ Convergence characteristics
= -

modified buoyantBoussinesgSimpleFoam

— — lter: 6359
o =03, w,=01
p U
U Magnitude
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_Convergence characteristics (4)

buoyantBoussinesgSimpleFoam

W, =03, o,=02

Iter: 10000

U Magnitude
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=/« - Convergence characteristics (3)

modified buoyantBoussinesgSimpleFoam

[ter: 5892
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p U
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_Convergence characteristics (5)

modified buoyantBoussinesgSimpleFoam
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Convergence characteristics (6)

modified buoyantBoussinesgSimpleFoam

[ter: 20000
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i«- _ _Convergence characteristics (7)

buoyantBoussinesgSimpleFoam

W, =03, o,=0.7
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=/« - Convergence characteristics (9)

modified buoyantBoussinesgSimpleFoam
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- Convergence characteristics (9)
/ [ter: 10200
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=+« Convergence characteristics (8)

modified buoyantBoussinesgSimpleFoam ter: 6023
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=/« Convergence characteristics (9)
e

modified buoyantBoussinesgSimpleFoam
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buoyantBoussinesgSimpleFoam

W, =1, o,=01

Residuals
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lter: 6193
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modified buoyantBoussinesgSimpleFoam

a)p=0.6, w, =01
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~ Convergence characteristics (12)

buoyantBoussinesgSimpleFoam
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Convergence characteristics (13)

modified buoyantBoussinesgSimpleFoam
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0,001 i
fields
{
p_rgh 0.5;
equations
00,0001 1 1 1 1 1 1 1 1 1 -{
0 1000 200000 000 4000 B0 B FO00 000 b= [u1WH] 10000 U 0.5;
Time [=] T . 0.9;
"(k|epsilon|R)" 0.5;
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ébnvergence characteristics (14)

buoyantBoussinesgSimpleFoam

W, =05, w;,=05
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Time [=] T 0.9;
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ummary of Convergence characteristics

modified buoyantBoussinesgSimpleFoam buoyantBoussinesgSimpleFoam

Wy, Wy Converged (iter.) Wy, Wy Converged (iter.)
1 0.5 6223 1 0.5 6223

0.3 0.7 diverged 0.3 0.7 oscillating
0.7 0.3 5509 0.7 0.3 oscillating
0.5 0.5 oscillating 0.5 0.5 oscillating
0.3 0.3 oscillating 0.3 0.3 oscillating
1 0.1 6192 1 0.1 6193

0.6 0.1 6229 0.6 0.1 oscillating
0.3 0.1 6359 0.3 0.1 oscillating
0.3 0.2 5892 0.3 0.2 oscillating
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&/~ buoyantBoussinesqPimpleFoam
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® OpenFOAM version
v' OpenFOAM 2.4
® Solver modification
v’ pressure relaxation after velocity update
v" additional pressure prediction before solving momentum egq.

® Test case
v" King’s natural convection problem
- Ra = 4.3x1010
-Pr=0.71



= _ Standard buo vantBoussinesgPimpleFoam

® Solver options
v PISO mode (nOuterCorrectors = 1, nCorrectors = 3) = no relaxation
® Time step control p_rgh  Umag
v maxDeltaT = 0.1, maxCo = 50
v" runtime calculated maxCo = 1.85
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"%’)’ ,, Standard buo vantBoussinesgPimpleFoam
® Solver options

v Pimple mode (nOuterCorrectors = 2, nCorrectors = 3)
® Relaxation b_rgh _Umag

v p_rgh = 0.5, p_rghFinal = 1

v U=0.5, Ufinal=1
® Time step control

v maxDeltaT = 0.1
® No effect of relaxation step change
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&?;,‘. Mod ified buoyantBoussinesgPimpleFoam

® Solver options
v Pimple mode (nOuterCorrectors = 2, nCorrectors = 3)

® Relaxation standard modified
v p_rgh = 0.5, p_rghFinal = 1 p_rgh  Umag prgh  Umag
v U=0.5, Ufinal=1

® Time step control
v maxCo = 10

Os Os

U Mag
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&-’?’7 — buoyantPimpleFoam

® OpenFOAM version

v" OpenFOAM dev
® Solver modification

v’ pressure relaxation after velocity update

v" additional pressure prediction before solving momentum egq.
® Test case

v’ tutorial/heatTransfer/buoyantPimplefoam/hotroom
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&/« Standard buoyantPimpleFoam

® Solver options
v PISO mode (nOuterCorrectors = 1, nCorrectors = 2)

® Convergence
only if dt < 2

dt =1, maxCo=0.3 dt =2, maxCo=0.6

Time: Os Time: Os

‘‘‘‘‘‘‘‘
\\\\\\\

0.000773 0.142 0.000186 0.146




&'.

: ‘p -relax modified buoyantPimpleFoam

® Solver options
v PISO mode (nOuterCorrectors = 1, nCorrectors = 2)

® Convergence
v oonlyifdt <2

® In the PISO mode, no relaxation is used
v Convergence characteristics are same as standard solver

dt =1, maxCo=0.3 dt =2, maxCo=0.6

Time: Os
Time: Os

ms\HHHUUS | 1
0.000186 0.146

0.000186 0.146




Time: Os
Time: Os
dt =2
maxCo=0.6 dt =4
maxCo=1.2
Time: OS 7Time: OS 0.000186 0.146
dt =10
maxCo=3 dt =20
maxCo=6

0.000186 0.146

0.000186 0.146




t:g; - B Summary

-’

® Modification of the pressure relaxation step

v It is effective for convergence enhancement of buoyantBoussinesq-
SimpleFoam

® Addition of pressure prediction step

v" Increase stability range of relaxation factors in Simple mode and max.
Courant number in Piso mode.

® It is still under evaluation

® A critical point to solution divergence
v" turbulence model is very critical to the solution convergence

Thank vou for your attention



