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Osnhova
e Hlubinné ulozisté
e \Vybrané pozadavky
e \edeni tepla
e Prehled potfebnych numerickych simulaci
e Ukazky simulaci

e Zavér
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1 4

Hlubinne uloziste

o povrchovy areal
o pristupové Sachty a tunely

9 ukladaci prostory

......
---------
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Bentonit
e je schopny prijimat velké mnozstvi vody
e pritom bobtna, stava se tvarnym a plastickym
e pii vysychani se opét smrstuje
e (Ca-bentonity, pohlti vodu v objemu 200-300% hmotnosti
e Na-bentonity, pohlti vodu v objemu 600-700% hmotnosti
e maji velky vnitfni povrch

e nastavaji u nich velké objemové zmeny
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Vybrané pozadavky a prislusné simulace

e stabilita zavazecich chodeb (elasto-plasticka simulace, vyuziti

mechaniky poskozeni)
® nejvyssi povolena teplota (vedeni tepla)

® inzenyrské bariéry (termo-hydro-mechanicka simulace)
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Vedeni tepla
plogna hustota toku tepla g (J/m?/s)
hustota tepla h (J/m?)
hustota zdroje tepla s (J/m?/s)
teplota 1" (K,°C)
Fourieruv zakon

q=—kVT
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Vedeni tepla v jedné dimenzi

q(x) q(x+AX)

AX
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Stacionarni stav

Tayloruv rozvoj

dq.(x)

A
dzx T

Q. (v + Ax) = q.(x) +

bilancni rovnice

Qe (1) S At + s(x) S, AxAt = q. (v + Ax)S, At

s(z) = dqgix) . deq;;(f)
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Nestacionarni stav

Tayloruv rozvoj

g (x + Ax,t) = q.(x,1) + 8%5? ) Ax +
h(z,t+ At) = h(z,t) + ahg’; DAt +

bilancni rovnice

WAV + q.(2)S. At + 5(2)S, AzAt = h(t + ADAV + qu(z + Ax)S, At

3—%—%6%
Ot Ox
T T
S_QC(% Ox?
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Nestacionarni stav ve 3D

ot T or T oy ' o-
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parabolicka parcialni diferencialni rovnice
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Okrajové podminky
oblast X mahranicil] =I'pUI'yUIL'cUI'R
Dirichletova okrajova podminka (predepsana funkéni hodnota)
Ve e Ip: T(x,t) =T(x,t)
Neumannova okrajova podminka (predepsany tok tepla)
Ve € T : qu(x,t) = ¢’ n = g, (x, 1)

Newtonova-Cauchyova okrajova podminka (prestup tepla)

Ve € Te: qu(z,t) = qg'n = x(T(z,t) — Te(x, t))
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radiacni okrajova podminka
Ve € Tr:qu(z,t) =qg'n=co((T(x,t)* — (Too(x, 1))
€ je pohltivost povrchu,

o =5,67-107% W/m?/K* je Stefanova-Boltzmannova konstanta

Pocatecni podminka

~

Ve € Q:T(x,0) =T(x)
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Re&eni rovnice vedeni tepla

e analytické reseni (pro jednoduché tvary resenych oblasti a

homogenni materialy)
e metoda siti
e metoda konecnych prvku

e metoda hrani¢nich prvku (problém s fundamentalnim resenim)
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Metoda konecnych prvku

aproximace funkci

T = Nlq .
T = Nle,
6 = NVg,
s = Nblg,
¢ = Ngq,
TE — N[u]u,
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matice a vektory
KT = / BT DBAN
Q
K = NTrNdl
I'c
C = / N ocNdQ
Q
FIN = / NTNAT q
I'n
fFlel = NTENAT u
I'y
flsb = / NTNdQs
Q
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soustava obycejnych diferencialnich rovnic
(K[T] + K[Fl) d+Cd=fl— (K[T] + K[F]) e—
_Ceé — f[N] 4 f[C] .

zobecnené lichobéeznikové pravidlo

diy1 =d; + Atvy,

Vitag = (1 — Ck)’UZ' -+ aAV;y1 .
soustava algebraickych rovnic

(C + AtOzK) V11 = fi—|—1 — K(dz -+ At(l — Oé)’UZ') .
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Ukazky simulaci

o povrchovy areal

-

——

\_\

o pfistupové Sachty a tunely

9 ukladaci prostory

NN NN
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Model celého ulozisté

1-trf temperature
0

Y step 0 20
‘1 Contour Fill of 1-trf temperature. 20 @
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Model jednoho ukladaciho souboru
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Model vyrezu jednotkové tloustky
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Osové soumérny model jednoho UOS
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Vykon UOS
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Numericky model jednoho ukladaciho
obaloveho souboru UOS

e kvadrd x 35 x 1000 m, d € (6;20) m
e 70 073—-150 654 uzlu

e 326 753—-831 823 Ctyrsténnych prvku s linearnimi aproximacnimi

funkcemi
e zobecnené lichobéznikové pravidlo
e 33 722 ¢asovych prirtstkd, koncovy ¢as 10 000 let
e vypocetni ¢as 6 az 12 hodin (podle poctu neznamych)

e adiabatické svislé stény
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Schéma resené oblasti
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Porovnani MKP s analytickym resenim
e bentonitu byly prifazeny vlastnosti horniny

e hustota zdroje tepla v objemud = 0,914 m, v = 5,205 mv

MKP, liniovy zdroj tepla v analytickém modelu

e materialové parametry k, = 2,6 Wm/K, ¢, = 770 J/kg/K,
or = 2700 kg/m?
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temperature (C)

70

65

60

55

distance 6 m, rock k=2.6 W/m/K, depth 500 m

point B1

— FEM

— analytical solution

3e+11
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distance 6 m, rock k=2.6 W/m/K, depth 500 m

point B1
?[} I I I | I | I | I I I

65— —

60 — —

50— — FEM H
— analytical solution | |

temperature (C)
=
L
I
I

-2[} | | | | | | | | | | | | | | | | | | |
0 le+09  2e+09  3e+09 de+09  S5e+09  6e+09  Te+09 Be+09 9e+09  le+lD
time (s)
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temperature (C)
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n
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distance 6 m, rock k=2.6 W/m/K, depth 500 m
point B3

— FEM

— analytical solution

le+l1l
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temperature (C)
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65
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55
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=
=

distance 6 m, rock k=2.6 W/m/K, depth 500 m

point B3

— FEM

— analytical solution
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AZ do éasu 6 - 10% s, cozZ je priblizné 190 let, jsou teploty z obou

modell témér totozné.
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Vysledky z MKP

Largest temperature with respect to the distance of WDP
butter (blocks) k=0,75 W/m/K, ¢=926 I/kg/K. Scm layer (pelets)

12{] T | T | T | T | T | T | T | T | T | T | T | T | T
115 — k=2.0 Wim/K ]
C — k=22 Wim/K .
110 k=24 Wim/K —
k=2.6 W/im/K .
105 k=28 W/im/K —
k=3.0 W/im/K .
100 k=32 Wim/K —
k=34 W/im/K s

temperature (C)
=
n

=
=
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75 —
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distance of WDP (m)
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Times when the highest temperature occurs

butter (block), k=0.75 W/m/K. ¢=926 I/kg/K, 5 cm layer (pelets)
2[} I T | I | T | I | I | I | I | I | I | I | I | T I

15

12.5

10

time (year)

6 7 8 9 w 1 12 13 14 15 16 17 18 19 20
distance of WDP (m)
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soustava algebraickych rovnic
(C + AtOzK) V11 = fi—|—1 — K(dz + At(l — Oé)’l)z') .
byla reSena 33 722-krat

pocet neznamych v soustavée je od 70 000 do 150 000

pro tyto analyzy byla pouzita pfima metoda—L D L rozklad

Ar=y = L'DLx=y
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Zavery z MKP studie

e pro vzdalenost UOS aspon 8 m jsou teploty na povrchu UOS

mensi nez 95 C v libovolném Case

e soucinitel tepelné vodivosti byl uvazovan £ = 2.6 W/m/K
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Numericky model celeho uloziste
e homogenni hornina bez bentonitovych vrstev
e liniovy zdroj tepla v mistech UOS

e rozméry oblasti 2 X 2 X 1 km, s ohledem na symetrii se fesi

Ctvrtina

e 330 480 uzlu, 316 039 Sestisténnych prvku s linearnimi

aproximacnimi funkcemi

e vypocetni ¢as kolem 32 hodin
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Contour Fill of 1-trf temperature.
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1-trf temperature
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rock without bentonite, point B1, depth 500 m

k=2.6 W/m/K
65 T | T T T | T | T | T T T T

60

55

= n
Ln =

i
=

R B B B i B S

temperature (C)

7%
Ln

— analytical solution
— FEM model of a single canister, periodic b.c.
FEM model of repository
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4] le+10  2e+10 3e+10 de+10 Se+10 6e+10 Te+10  8e+10 9e+10  le+ll
time (s)
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rock without bentonite, point B1, depth 500 m
k=2.6 W/m/K
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rock without bentonite, point B1, depth 500 m

k=2.6 Wim/K
65 T T T | T T T
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— analytical solution
— FEM model of a single canister, periodic b.c.
FEM model of repository
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soustava algebraickych rovnic
(C + AtOzK) V11 = fi—|—1 — K(dz + At(l — Oé)’UZ') .
byla resena 5 000-krat

pocet neznamych v soustave je priblizné 330 000

pro tyto analyzy byla pouzita metoda sdruzenych gradientu
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volba pocatecni aproximace x
vypocet pocatecniho rezidua ro = b — Ax

nastaveni pocatec¢niho smérového vektoru sg = 7

iterace k = 0,1, ...
T
o — rir,
sT As,,

L1 = T + O Sk
Try1 = T — . ASy

pokud |71 1|| < €, konec iterace

5 — r£+1rk+1
k rTr,

Sk+1 = Tka1 + BrSk
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Vliv pocatecniho vektoru v CG na pocet iteraci

casova integrace ve vedeni tepla v celem ulozisti
400 | I T I | I T

100 =

— predchozi reseni je pocatecni vektor v CG
= — CG se rozjizdeji z nuloveho vektoru -

pocet iteraci v metode sdruzenych gradientu

0 | | 1 | | | 1
0 1000 2000 3000 4000

cislo casoveho kroku
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Porovnani chovani metody sdruzenych gradientt a metody nejvétsiho spadu
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Zaver
e Pouzivaji se modely v riznych meritcich.

e Je nutné pouzivat vhodné aproximacni funkce (napt. kvuli inf-sup

podmince).

e Zasadni je vybér vhodné metody reseni soustav nelinearnich a

linearnich algebraickych rovnic.

e Kvuli nedostatku dat hraji roli nejistoty.
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