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Higher Order Method of Lines

IncompressibleNavier-Stoke€quations
ou;

L b, 1 %y
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Variable Order Proper Convective/Scheme
Modified Differential Quadrature Method

Time Integration:
Wi(W)  3rd or 4th Order Runge-Kutta

&
N |
ot
l Spatial Discretization:
dyg _
dt Scheme




Modified Differential Quadrature
(MDQ) Method
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Variable Order Proper Convective

Scheme
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M: Order of Spatial Accuracy
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Pressure Equation Solver

Variable OrderMultigrid Method
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02" = | " . Elliptic Equation
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* Higher Order Method of Lines
e Multigrid Method
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Higher Order Method of Lines
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Validation of Spatial Accuracy
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DNS of 3D Homogeneous
Isotropic Turbulence
Using Higher Order Method of Lines

Validation of Conservation Property
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DNS of 3D Homogeneous
Isotropic Turbulence
Using Higher Order Method of Lines

Computational Conditions: 256grid points
v=1/1000 (Re=13800)
10th order of spatial accuracy
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DNS of 3D Homogeneous
Isotropic Turbulence
Using Higher Order Method of Lines

Computational Conditions: 256grid points
v=1/1000 (Re=13800)
10th order of spatial accuracy
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Pa raI | e V4 ati on
Higher Order Method of Lines

Speedup Ratio : T(1)/T(pu)

ou 3% 64 256+
1 1.000 1.000 1.000
2 1.955 2.108 .
4 3.571 4.499 -
8 5.680 8.326 4.053
16 0.941  15.482 i

* . Cubic Driven Cavity (2nd Order)
with MPI Message Passing Library
** . 3D Homogeneous Isotropic Turbulence (10th Order)

with MPI Message Passing Library



| attice Boltzmann Method

L attice BoltzmannEquation
fOi (X + €4, 1 +1) - foi (x,t) = Qg

i - Single-Particle Distribution Function

Qi : Collision Operator Single Time Relaxation
€oi : Velocity Approximation
Lattice BoltzmannBGK Equation l
| | ety = 2[5 (v 1y — £(0)
foi (X +eg,t+1)— f(x,t)= - fo (x, 1) = 577 (x,1)
fcg‘” . Equilibrium Distribution Function

T . Single Relaxation Time (=(6+1)/2)



Lattice Boltzmann Method
I (B
Physical Quantities @,u) S I

p=3 > fsi. pu=3 ) fseq

In the case of square lattice modef |
0=0,1,2 , i=1,2,3,4

Equilibrium Distribution

.- . (i’j'-l) L] ..
Square Lattice Model

£5%) = pB+ pley )/ 3+ p(ey ) /12— pu? /6

f()((l)) = pa —3pu2/2

{0 = p(l—a - 4B)/ 4+ p(ey )/ 12+ p(ey; ()% /8= pu? [ 24



DNS of Flows In Square Duct
Using Lattice Boltzmann Method

Computational Conditions: 641x65x65 grid points
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Streamwise Velocity Distributions  Streamwise Velocity Profiles
on the Center Plane



DNS of Flows in Square Duct
with Sudden Expansion
Using Lattice Boltzmann Method

Computational Conditions: Expansion Ratio 1:4
Re=10
128x33x33 (upstream)
129x65x65 (downstream)
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Lattice Boltzmann Method
on Non-uniform Lattice
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By using interpolation@... and®

Lattice Boltzmann on

Usual Lattice Boltzmann Non-uniform Lattice



Lattice Boltzmann Method

on Non-uniform Lattice
Validation of Non-uniform Lattice Approach

DNS of Flows in Channel with Sudden Expansion

Non-uniform Lattice (CPU Time Ratio 0.19)

Uniform Lattice (CPU Time Ratio 1.00)
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Lattice Boltzmann Method
with Acceleration of Convergence

ne Grid
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Time Step

Convergence History
Computational Time

Cos

arse Grid

LBM

65x33 129x65 257x129

Unigrid
Multigrid

57.5 (1.00) 733.2 (1.00) 10564 (1.00)
24.70.49 436.40.60 59400.50
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Parallelization

L attice BoltzmannMethod

3D Homogeneous Isotropic Turbulence

Speedup Ratio : T(1)/T(pu)

ou 30 62+

1 1.000 1.000
2 1.754 1.851
4 2.984 3.323
8 4.505 5.460
16 5.622 8.162

* . MPI message passing library
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Eame Cubed Sphere Coordinate System

Spherical Polar Coordinates




Raed Cubed Sphere Coordinate System

Transformation Map
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DNS of Flows on a Sphere
Using Cubed Sphere Coordinates

Advectionover Pole After 5 Full Rotations(Test Case : 1)

Hight Error

4th Order Method of Lines (k6 grid points)



DNS of Flows on a Sphere

s Using Cubed Sphere Coordinates
Global Steady State Nonlinear Zon&@eostrophicFlow (Test Case : 2)

———— Shallow Water Equations

g—\t/+(vD]])v:—fov—gDh

aht +(vD)v+h* O =0

Sl .
1093.00 172867 236433 3000.00

Analytic Hight

. ] [ I ]
TO093.00 I734.33 Z375.67 J017.00 -79M 2557 BPROT 7

Hight After 5 Days Error



DNS of Flows on a Sphere
Using Cubed Sphere Coordinates

Rossby-HaurwitaAVave (Test Case : 6)
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10000 8833.3% 876667 10600.00 EI00.00 883333 976667 I0600.00

Day 7 Hight Profiles Day 14
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Parallelization

Cubed Sphere Coordinates
Advection over Pole After 5 Full Rotations

Speedup Ratio : T(1)/T(pu)

pu 91’ 18f* 90T+
1 1.000  1.000  1.000
6 7815 8253 50943

* . MPI message passing library



Cartesian Grid Approach with
Virtual Boundary Method

Usual Cartesian Grid Approach Cartesian Grid Approach
with Virtual Boundary Method



Cartesian Grid Approach with
Virtual Boundary Method

(i-1,j+1) (i+1,j+1) Velocity on Virtual Boundary Point: WX,
? ¢ ? Xk +1

Uj(xs) = > Q, Xs)uj(Xk)
Xk

Additional Forcing Term: G(xt)

O — O
ol
l G (xs,1) = a[Uj (xs, 1)dt + fUj (X, 1)
8 Modified Navier-Stokes Equations:
@) ° O O
(i-1,j1) (i+1,j-1) ou:

© Grid Points " +u dui = ﬁp 1 9% Ui
@ Virtual Boundary Points ot J dx 5'>q Re 0")(|2




DNS of Flows Around a Sphere

Computational Conditions

Re=500, Virtual Boundary Points: 153600
Total Cartesian Grid Points: 973744

g H’f% o
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Iso-Surface of[J?%p



Cartesian Grid Approach with
Adaptive Grid Refinement

..........................
--------------------------------

Re =100 (with Virtual Boundary Method

Re =100 (without Virtual Boundary Method)
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