Advekcni rovnice

e advekcni (jednostranna vinova) rovnice u(z,t)
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e spojitou funkci u(z,t), diskrétni sitova funkce v” ~ u(x;, t,)
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Zakony zachovani

e Burgersova rovnice
ur +uu, =0, up + (%) =0
X
muze mit nespojité reseni
e nespojitost — razova vina — specialni numerické metody reseni
e obecny zakon zachovani — systém U, + (f(U)), = 0
e rovnice melkeé vody
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Slozena schemata pro zakony
zachovani

e zakon zachovani ve tvaru U, + f(U), =0

e Lax-Friedrichsovo schema, difuzni, dvoukrokova varianta
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e Lax-Wendroffovo schema, jednoduché toky, disperzni

At
[ N —
U’L (4 A:I;

o stabilita a rad presnosti

e slozené schemata LW LFn



Zakony zachovani ve 2D

e obecny systém zakonu zachovani U(x,y,t) Ui+ (f(U)).+(g9(U)), =0
e rovnice melke vody ve 2D
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e priklad — protrzeni prehrady
e priklad — protrzeni prehrady na povrchu stacionarni koule

e priklad — protrzeni prehrady na rovniku rotujici koule
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Piredpovéd pocasi

e modely na néekolika urovnich s ruznym rozlisenim — globalni, re-
gionalni, lokalni

e modelovani atmosfery, oceanu, oblacnosti

e nejjednodussi modely atmosféry jsou zalozeny na rovnicich melke
vody

e potreba vertikalniho rozliseni

e simulace vlivu slunecniho zareni, typu zemského povrchu,
morskych proudu

e propojeni simulacnich modelli s meteorologickym mérenim

e zahrnuti zkusenosti do simulaci



Eulerovy rovnice

e Eulerovy rovnice ve 3D

(7

pU

=)

_|_

t

pu

pu’+p

’

P U
P U W

(E +p)/

_|_

X

pv
PUV
pv° +p
PV W

\v (F + p)}

a stavova rovnice idealniho plynu

p

1
E=——+2p

v —1

2

Y

[

PUW
pUW
pw? +p

\fw (F + p)}

<u2 —+ 112 —+ w2>

e priklad — Rayleigh-Taylorova nestabilita ve 2D

e zakladem hydrodynamickeho modelovani plazmatu
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Eulerian Hydrodynamical Model/1

e Euler equations for compressible fluid

op ..
pn + div(pu) = 0
85% + div(pu?) + gradp = 0
OF , . :
- Tdiv(u(E +p)) = div(sgrad T) + div(I)

o fluid density p, velocity u, total energy £ and pressure p given by
equation of state p = p(p, ¢), temperature 7', heat conductivity «,
laser intensity /

e conservation of mass, momentum and energy

e conservation law — posses discontinuous solution — shock waves,
contact discontinuities



Eulerian Hydrodynamical Model/2

most important conservativity of numerical methods

typicaly high order method produce numerical oscilations around
discontinuities

special methods needed

available — central schemes, WENO (Weighted Essentially Non-
Oscilatory), PPM (Piecewise Parabolic Method)

computational grid is fixed in time
mass flux between cells

limited to fixed computational domain



Lagrangian Hydrodynamical Model/1

e Euler equations for compressible fluid in Lagrangian coordinates

d d
d—i +pdiva = 0, d—)t( —u
DU 0
— + gra =
p— +gradp
d
pd—z tpdivu = div(kgrad T) + div(])

e internal energy ¢ = E/p — u?/2

e total Lagrangian time derivatives include convective terms

i—gqtu rad
dit 0t =



Lagrangian Hydrodynamical Model/2

computational grid is fixed to the fluid and moves with the fluid
no mass flux between cells through edges

computation domain changes — can be used for compression or
expansion, moving boundaries

typically used in laser plasma simulations

moving mesh can degenerate
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ALE Method

e ALE - Arbitrary Lagrangian Eulerian method. Combination of La-
grangian and Eulerian methods

— |. Lagrangian computation several time steps

— lIl. Rezoning — mesh untangling and smoothing

— lll. Remapping — conservative interpolation of the conserva-
tive guantities from old to new, better mesh. Then, back to La-
grangian computation.

e Remapping corresponds to Eulerian part of ALE method, allows
mass flux between cells.

e ALE method combines positives of both approaches — grid moves
with fluid (as Lagrangian), but Eulerian part keeps it smooth .
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Numerical Example — Laser Plasma

Problem parameters similar to a part of
the experiment performed on the PALS
laser facility

Disc impact — laser-irradiated Aluminum
disc ablatively accelerates up to 54 km/s
(for 250 J laser beam) and strikes to mas-
sive Aluminum target. The disc starts to
sink into the target.

Simulation starts in the moment of the
impact. Lagrangian simulation fails very
soon, ALE grid smooth.

Density colormap of initial grid and La-
grangian and ALE grid in time 0.5 ns.

Aluminum disc




Crater Formation

o After impact — both the
massive target and the disc
start to raise their tempera-
ture, shock wave is formed
that propagates into the tar-
get and causes heating, melt-
ing and evaporation of the
target material.

e Colormap of internal energy
increase shows the formed
crater shape after 30 ns.

e Computational grid is still
smooth, computation can
continue.

e Crater size and shape corre-
sponds approximately to the
experiment.
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Heat Conductivity

Heat conductivity represented as parabolic term in the energy
equation. By splitting, we solve 7, — Vx V1 = f using support op-
erators method

Green and Gauss theorems expres integral properties of operators:

— Generalized gradient w=Gu=—-rVu

Vw on V
—(w,n) on oV
Mimetic discrete operators G, D have the same discrete integral
properties, hamely gradient is adjoint of divergence G = D".

Fully implicit scheme in time (77! — T") /At + DGT" ! = Fntl |

— Extended divergence Dw = {

Matrix of global system is symmetric and positive definite — conju-
gate gradient method.

Exact on piecewise linear solutions, otherwise it is second order
accurate in space. Works well on bad quality meshes, allows dis-
continuous diffusion coefficient.



Simulace plazmatu

e plazma jako tekutina — smes elektronu a iontu — hydrodynamika
e zavisi na rychlosti elektronu a iontt
e podrobneéjsi popis pomoci rozdélavaci funkce f(¢,x,v)

e Fokker-Planckova rovnice

o f e (O f
W—FV-VZf—Fme(E—FVXB)-va— ((9?5)81”3 ;

se srazkovym integro-diferencialnim clenem na praveé strane

e Maxwellovy rovnice popisuji chovani elektromagnetického pole
E B

e zahrnuti tepelné vodivosti, kvantovych efektu, jadernych a ra-
diacnich procesu



Zdroje vypocetni narocnosti
numerickych vypoctu

e rostouci velikost vypocetni site
e pamét pro uschovani jednoho pole na siti 178 = 10'?B,1PB =
10°B

1D 2D 3D 4D 5D 6D

n n n2 n3 n4 77,5 n6

100 | 800B 80kB 8MB 08GB 80GB 8TB
200 | 1.6kB 320kB 64MB 13GB 25TB 0.5PB
400 | 3.2kB 1.2MB 05GB 02TB 82TB 32PB

e véetsinou potreba vice poli

e ve vyssich dimenzich je treba vice operaci na jednu bunku

e se zjemnovanim sité klesa prostorovy krok Ax a roste presnost
vypoctu

e casovy krok At vetsinou primo umeérny prostorovému kroku Ax —
pro jemnéjsi sit je tfeba vice ¢asovych krokl




Moznosti urychleni vypoctu

e zvysSovani frekvence procesoru

e zretézeni (pipeline) — rozdéleni instrukce na nékolik ¢asti, s druhou
casti prvni instrukce se zaroven provadi prvni ¢ast druhé instrukce

e vektorové procesory — aritmetika s vektory (Casto délka vektoru
256) — vektorove prekladace rozlozi nejvnitrnéjsi cykly na vek-
toroveé cykly

e paralelni vypocty
— se sdilenou pameti — otazky synchronizace
— bez sdilené paméti — komunikace mezi procesory (nejcasteji MPI)

e lepsi algoritmy



Superpocitace

e 500 nejvykonnejsich superpocitacu

e nejvykonnejsi superpocitac Blue Gene


http://www.top500.org
http://www.research.ibm.com/bluegene/

