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e Pope (2000): Turbulent Flows (Pope, 2000)

e JOOODO (1999): DODOUDO(OODODOO, 1999).
0000000000 (CFD)0O0 (D00 0Onttp://www.cfd-online.comd O)

e Ferziger and Peri¢ (2002): Computational Methods for Fluid Dynamics (Ferziger and Perié,
2002).

e Anderson (1995): Computational Fluid Dynamics: The Basic with Application (John D.
Anderson Jr, 1995).
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e Stull (1988): An Introduction to Boundary Layer Meteorology (Stull, 1988).



10 ootuootdtdd

000000000000 0000001)00000 (governing equation) 00 0002) 00000
00 (solution) 00000000 ODOODOOOOOOOUOOOODOOODOOODOO (DDOOO kKOO

O00o0D0mO00 2() 000000000 (DOO0OOOO0200)0000000000O0

d2:c7 9
g =

000 w=+/k/m0O000000 2000000000000 (CoOODO)

dr =0 (at t=0)
x=ux9 (att=0)

goobooboobooon

1.1 OO0 (analytical solution)

DODO00oo0Dooo
r=Cre®t + Coe™™t  (C,C,00000)

OO0 (1.)0ooOoooooooooooooood

Zo

Cr=0y= 5

gbboogbbooboooo

x = xq cos(wt)
dx

V= = Swio sin(wt)

gogn
D0D000&=2/zgt=wt=t/y/m/k000000000
d*s

dt?

(1.1)

(1.2)

(1.3)

(1.4)

(1.5)



T T T
At =27/50 o
At =21/200 4
o

exact solution

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 225 2.5 275 3
i/(2m)

01.1:0(1.1)0000(000)0000

goo

0000000 9 =dé/dt =v/(wz) 0000

1.2 000 (numerical solution)
0(1L1)000000000000000000 (1.1)000000
dz

a— 1.6
¥ (1.6)
dv
7 (1.7)
=0 (att=0)
oooo: .
=1 (att=0)

oOoooOoOoD*0oboo0ooooooooo

al f+ A - ft)
dt|,_, At

00000 (1L.7)00

x(t + At) = x(t) + Ato(t)
v(t + At) = —Atx(t) + v(t)

gbobobodt=0000000000O00O0O0O0O0O0OODOOOOOOOO0OOOOOO0
gboooboooboligbooooobooboobooboobobo2b00ob0o0o0boobo
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gbboobobooboouoobobooboobobibdl vy =vw,uwe=v,ug=w 000000
00000 (@UO0b0oo0O00o000)0 000000 DOOO0ODODOO0ODOODOOOOOj=1,2,3
gobooboboooboooo

21 ODOO0ODOO

00D (oDOoo):
pst +(puj),; =0 (2.1)
gddboootooboootdobooooooooouooooo
uj7j:0 (22)
gooooooooooon )
Uiyg FUjUG,j = Pk —90i3 (2.3)
gU000000r;00000000000000000
Tij = —P(SZ']' + Q/LSZ']' = —p(sij +u (ui,j +Uj,i) (2.4)
0000008 = (u,+uj,;)/20 000000000000 (24)00 (23)000000 (2.2) 0
0000000000000 D0D000 (Navier-Stokes equation, NS-equation) 0 O 0 O
1
Uiyp FUjUG,j = o —90i3 + VUi,j; (2.5a)
v=u/p000000000000
1
Uiyt +(uiug),j = P —g0i3 + VU, jj (2.5a")
oddooodooooooboooooooooon
Cyt HUGC,j = VeCyjj (2.5b)

gooooo

NSOOOoooooooooooooooooboobobbhoooooooooooooooooooooo
0000000000000 00000000000O00O0O00DODOOOODOO0OO (2.2)0 (2.5a)
000040 (w0 p)00O0O0O00400000000000000000O0ODOOOODODOOO
00000000000 (252) 000000000000 ODOO0OOOOO0OOOOOOOOOOO
gbodgbuobouoobobobobboobooboobobobbobooobuobobobooboood
goo
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gbooobobooboobooobobooobooboboobooboboobobobonbg
gbooobdobooboobobobobuoobaobobooboboobooboooobobuoooon
000000000O0O0O0O00000oOoO (oooooo)d

wp = u; + uj c=t+ (2.6)

000000 (0ooooo0)0oo0 (22)0000000O000O0OODOO0OOOODOODOO
oon
Eﬁjzo (27)
O0o000o00o0o0oOo0o0oUoO0ooOooOOoUOo0O0DOO0 (DoooOoOooO)Dooooooo
oooooooooooooood

1 _
Us ot +UjU; 5 -l—(u u'; ),] = _;]_771‘ +9860,03; + V55 (2.8&)
Cyt +Hj67j +(W) J = Z/Cajj (28b)
000 =1/, 000000 (the rate of thermal expansion) 0 00 O
0000000000000 (2700 (28) 00000000000 BOOOOOOOODOOO
DDDDDDQD(ul,uuj,p)DDDDDD4|]DDDDDDDDDDDDDDDDDDDDDDDD
0000 (2.8a) 0 QDDDDDDDDDDDDDDDD(ZJ)DDDDDDQDDDDDDDDDD
gooooooooon
0 (2.5a) 0 (2.82) 0000 (2.5b) 0 (2.8b) 0000000000000 o} =u; —,c =c—¢l0
oooooooo
/ /— —_ ’o 57\ / 1, /
Wit FUi,5 HU U5 Fujig,; —(wius),j = gB0 d3; — ;P yi TV (2.13a)
c —i—u;E,j +chl,j —|—ug»c',j —(W),j = llccl,jj (2.13b)
u;DDI:II:II:J(2.13a)xu;Du;DDDDD(2.13a)><u;|:||]|:||:||]|]|:||:|u;u}DDDDDDDDD

(i, ),t +ay (uiu; ),k = — ) uj,p, —u;uﬁﬂi,k —i—gﬁu;ﬂ,’}dgi + gBul003;
17 L -
5 |+ @)y (s )|

+ v (U)o =201,

D00000000000000000000 (), +@u),;0 v(uu;) 0000000

(uju; )7t -, (wu; )7k = — WU, —Ul‘uﬁﬁmk +95U99§;53i + 95%9253]'
B +ﬁ—jf—jf—_2” (2.14a)
K)ok Ui +U; 5 €ij

DDDD%EV%m%%DDDDDDDD(memﬂ]@BMX%DDDDDDDD@?DDDD
0000000000000 D0000D000DO0000nooOn

(), +T5(uf )5 = =i ; —ufule,; —(ufulic!) 5
e (2.14b)

+ gﬁel /53z ;C % 2(1/ + Vc)ugaj Claj



Box 10000000D0O0ODOODOODO

gbobooboooboobooooboobooboboon

+g=F+7 (2.9a)
af =af o000 (2.9b)
a=a (2.9¢)
E:_g (2.9¢)
O00 Reynolds 0000000000000 (29) 0000000000

Reynolds OO UODOOO0OODOODODOOODOOODOODOODOOOOOODOODODODODOOOO
gbbodbobooobooboobbooboobboan

1 T
= —/ w; (t)dt (2.11)
T 0

goood

7V — % / / /0 " wit)dadyds (2.12)

O Reynolds 0000000000000 O0OOOOOODOOOO(DOOO)DDOOOODOODOO
ooboooooooboooooooboooo0oobDOo0bOo0o0oDO00bOO0DO Reynolds O
gobooboooooboonoooooooooooooooog

0 (2.14a) 0 (2.14) 0003000000 u;u;u;CD u;ugc’DDDDDDDDDDDDDDDDD
gooobooboboboobooooobobooboobobobobooboboboboboobon
gbodgbubgobobobobuoobouoobobooooboobuoouoobobooboobood
gboooooboobobooobooobobobooboobobooboobooboboboobon

good

23 ODO0O0OoDOooboooboboOoo
231 0O0O0Ooooooo

000000000000000000000000000000000 (000)e =€ = vy, Wiyj
gbbodbobooobooboobboobuoobbooboobbuoobuoobbob

0= (”—3>1/4 = (5)1/2 v = (ve)/ (2.16)

€ €



Example 1 000000 0O0O0OO0ODOODODOODO

ddodboodoodod0oooodododooooooooDOoooooooOooooooooDoog
€ = gfw'l, — vw'u,g

(2.15)
0000000000000000000000000000000000

0000000000000000 (Kolmogorov) 000000 ODODO0OO0OOOODODOODODOOO
000000 (inner scale) 0000000 (Tennekes and Lumley, 1972)0 00000000000
gogodaogooooooboon

nu/v =1 (2.17)
gbbodbooobooboobboobouoobbooboobboood

23.2 0JOO0O0OOO
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Figure 6.10. Sketch of an autocorrelation coefficient.

021: 0000000000000 (Tennekes and Lumley, 1972, 0 0)
0000000000000 w(¢) 000000000000 00000OD

Ry (1) =u/(t + 1)u/(t) (2.18)
DDDRU(O):WDDDDDDDDDDDDDDD (integral time scale) 00 00000000000

Ay, = !

— R, (T)dr (2.19)
u? Jo

gooooOoOOOODO (CooOoOoOoOOO)0O00O0OOO0ODOOODODOODODOOODOOOOOO

goooobooooobbobboooooboobobboboooobbobooooobbbbooon

OO0 (outer scale) 000000000 DODOO0O0O0OO0OODODOOOOO x(0000OODODOO)
good



030 00OO0O00D00O0DOODOO (DNS)

000000000000 (0 (252)) 000000000 OOOOOOODODOOOOOO (Direct
Numerical Simulation) 00 0 0000000000000 O0O0O00OO0O0O0OO0OOOOOOOOO
gbooobopoooboboobdqpboboobobboboooobbbooboobobooobon
OAODOOOO0O0OODODOOCOOOOOOODODOCOODODOOONDOD

A A 5
T T A T

(3.1)

0000000000000R, =&Y2A/y, (=4ua])000000000000000000
D0000000RY0000000000000000000000000000000000
00000000 R 0000000000000 000000N000N00N000N00N0N0N0ONoO
N=h/ph00000D0)010°0000000000000000 108000000000000
0000000000000 0D000000000000000000

DNSOOOOOOODODODDDOO00DDDO0000000DDoDDoDoDo0oooonoooooo

gobooboooobooboooobooboooobooobooboboooboobooooon



040 0000000000 (RANS): Stull
(1988) 0

goggobobobooogbbbouooobobboodbbbuooooubbooobbobooan
O000000000000000000 (Reynolds-averaged Navie-Stokes equation model, RANS)
oD DD oLoOoODO
goodoooobooood

0000000000000 0000000000D0000000D0000 (closure model) O O
goooooboobooobobbdoooobbboooobobboooobbbooooboboboooo
0000000 (closure assumption) D 00000000000 (closure approximation) 0 0 O O
goooobobootooooooobbobobdgoboouoo2000Dboboobo1oonom
000000000000000000000000000010000000 (1st-order closure
model), 30000000 20000000000000000000O0OOO00OOOOO20000
000 (2nd order) DO ODOODO

4.1 10000000000 (MDOOOoOo0)

lgboobooobbobobobboobuooboobuooboboobuooboobobobog
gboboobooobooboooobooboooboobobo

1 _
Wi+ ;5 = —(wju)),; —;ﬁn’ +96003i + VUs,j; (2.82")
g,t +Hj§7j = —(u}@’),j —i—yC@,jj (28]1)/)

DDDDDDDu;u;-,u;H’DDDDDDDDDDDDDDDDDDDDDDDDDDD

gooogooo u;u;-DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
gooooo

2 _
’LL;’LL; — ge_t&” = _2VTSij (42)
00o0a0s; = %(ui,j +u;,; ) 000000000000 vy 000000 (eddy viscosity, turbulent
viscosity) 000 0000000000000 O0O0OOOOODOOOOOOO
1
_E(nj + Pbij) = —2u5i; (2.4')

gbboodgbooooo
gbboobuoobbooboobbooboobooon

wpx' = —KyiXsi (4.3)
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0000000000x0«0000000000K,,000000 (eddy viscosity)J OO0 00O
(eddy diffusivity)0 O 00 OO (eddy transfer coeficient) 0000000 (4.3)0 KOOOOOOOO
goooooobbobbobooooooooo

0((43)0 0000000000000 ODOOO0OO0DOOOODOO

ou o6
"0z 0z
JoodobooooboboooKOOooooboooooooooobooooboooooooooo
0000000000000 000O00000000D0O0O000 (Monin=0Obukhov Similarity) O O
goooooobobobboboooooogno

wrme(@) pimeel) EeeG e

99

uw = — W' = — Ky w'q’ = _KEa (4'4)
z

O000u, =V —vw,0, = —w0/ueq. = —w'¢" 00000 (friction velocity)D O 0 O O (friction
temperature)d 0 0 0 O (friction specific humidity) 10 00 L 0000000000000 0O0O

kusz kuyz kuyz
K — , KH: , KE: (4.6
" ¢m or) o )
oooooao
0000000000000 0000000O00000O0000000O00O000O0O00O00O0
- N 1
U, = fCU - (’U, w )73 _;pal (47&)
S 1
Eut - _fcﬂ - (’U/’LU/)73 _;pﬁ (47b)
E,t = —(w'b),3 (4.7¢)
0odofO0000000000O0O0O0O0O0OOO
ou ov 06
"o = — — "w' = — — 0 = —Kg— 4.7d
ww ™0z v "9z v 59, ( )

000000000 0oO0o0O000O00O00O00OOO0(DUODO)OO00DO0ODOOoUODOUObOOOO
gobooboobboooboobobooboon

000000000 10000000000000 43)0 K,,000000000000000
0@ (28)000000o0o000000O00O0O0UbOOUbOOO0DODOUbODOOODODODOOOO
gooobopooobooboboobobbobooobboboobobboboooboobon
gooobooobooboobobooboboboobobboboobobbobooobooboo
gbbodgboobbooobooaobbooboan

4.2 150000000000 (@CO000ODO0ODOO0O)

goon 2DDDDDDDDDDU§U9DDDDDDD e0boooobOooooooooboon
gboooboobobooboobuooboboobooobobobobooboobobobon
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00000000000 (TKE)DOOOOOOO0OO0OO0o0O0oO0ooooO15000000000000O00
TKEOOOODODO (28a) 0000 +=50000000000000

- - N 1 ——
€, TURE, | = —uiu) Ui,k +9Pus0 03 — (eu),) k —;(p’u;),i —€ (4.8)

000 e=wvulu,,, O0OTKEODOOOOO (DOO0)00000000O000O00O0O0O0DOOOOO0

(0/—0,)7t —|—Uj (W),j = —2’U,;»T,0,j —(’U,}T’T’),j —26T (49)

ooodoooo
QZ/TT/,jj T = vr [(T’T’),jj —2T/,j TlajJ (410)
~ v’ ;T,; = 2er (4.11)

gobooboboooobboooobbbboooooboobbooooobbobooobbbooon
gbooobobobobboboobobbobooboobobooboobobooooboobon
goo
l1lg0boobooboooboobooboobooboobbobooooboboooboooon
gobooboooobon
1

Ty = [0 — (Ww'),3——Pn (4.12a)
p
— 1
Evt - _fcﬂ - (v/w/)73 _;]_772 (412b)
0,0 =—(w'd),3 (4.12¢)
e, = —u'w'(0),3 —v'w' (1),3 +gpw'd — (w'e + w'p'/p),3 —e€ (4.12d)
(0/—9,),t = —2’11),9,5,3 —(w’@’@’),g —26T (4.126)
gooob2003000bbdooobboooobooouobDbboobboooobDbbooon
—_ Ou S, (VR — —_ 00
ww' = —Kp (e, 0’0’)% v'w' = =K, (e, 0’0’)% w0 = —Kp(e, 0’0’)% (4.12f)
- 5 - _
w'e+w'p'/p = §A4€_1/26,3 w00’ = Agé_1/20,0/,3 (4.12g)
3/ el2gg
= _ = 4.12h
€ e er A, ( )

o00bOAO0ODOOOOOOO0ODOO0OOOOO0ODODOOOOODOOOODOOOODODOOOO
goboobboooboooo

K = Ae'/? (4.12i)

000000000 (412)0000000050000000400200000002003000
0000200000000 13000000000000000 13000000000000000
O000000O000TKEOOOO 1.500000000000000000000 0 Yamada and
Mellor (1975) 0000
000000000000000000 (412)0000 TKEOOOQ 00000000000
000000000000e000000000000000 (412)00A00000000000
000000000000000000000000000 K-e0OO0O000 (00000 TKE
0KOOOO0O0O00O0)O
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4.3 20000000000

1500000000 0000200000000000O000DOO0O0OODOO 20000000
goog20b00000b0000o00o03bobooboboooboboboooobooboobobooo2
0000000000000 00OO000C00O00O0O0D0OO0O00ODO0O0bOOO 412)000
000000000000000000000000000000000Mellor and Yamada (1974)
gboooooooboboboboooooooboobobooooooobobobobo20bD00b
O0000D0O Levell OO Leveld OO0 OUOOOODOLeved OO OOD0OO Levell OO OODOOODO
goooobooond
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Os0 ODOoOOOboodbooodnodn
(Large-Eddy Simulation: LES, Pope
(2000)0 0)

O00000O000O0ORANSOOOOOOOOOOOOOOOOOCOODOOOOOODOOO(DODO
O0000)000000000ORANSOOOODOODOODODODOODOODOUODOODOOODODOOO
oooooooooooooobobo0ooboooooooooooooDoobooDOoODNSODOOOooo
gbodgboobobobooboobobbobuoobobobooboobobobobobod
gbooobooboboboobooobobbobooboboobooobooboobobobon
oooobDNSODOOOOoOOoOooobOoooboooobobooooooDbOoobooobDoOooDoo
gbbodgbooobooboooboboobbodobuoobbooboobbooboabobo

OO00O0OODOODNSO RANSOOOOOOOODOD LESO00OO0OO0ODOO0OO0OOOODOOOoOod
0000000000 (DoooooO0)0oO0000D0O0O00OO0OO (CoooD)ooooOooOoO
goo0ooOoOO0OO (boooOoOoOOOO0OOO0O0O00O0O0O0)DODODOODODOOODOOOOOO
00000DO0000O0O0O0000OoO0O000DO000o0DOCOO0O0OORANSOODODOOOOD
oobooobooboooooboooooo0ooobooooooOoboboOooODbDNSObODODOOD
gbboodgboogaoo

LESOO0O0O0O00ODO 4000000000000

1. 00O (grid, resolved, filtered) 0000000000 DO (residual, subgrid) 00000000
0dooooooooooa

2.00000000000000D00O0000O000DODOO0ODODOODODOO
. 0gbboooooobooooooooboooooooooboobooobooboboooboboboo
4. D00o0obOobOobobOobobobob0bobobubDgboD

LES 00 O O Smagorinsky et al. (1963), Lilly (1967), Deardorff (1970) 0 0000000000
000000000 DO Deardorff (1973),Deardorff (1974) 00 0000000000000 OOOO
000000000 Deardorff (1980) 00O Moeng (1984) DO O O0O0O0OO0OOO0O0OOOODO
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5.1 U000 0n

DNSOOOOOUOO0O w(e,t) DOO0O0D0O0O0O0O0O0OO0OLESOOOOO w(e,t)DODOOO
000000000 (w)(x,t) 0000000000000 O0OOOODODOOOOOODOODODOO

(u)(x,t) = /G(r,x)u(a: —r,t)dr (5.1)

0000d0doooooooo000d0dodOdnd EinstemO OO 4dd
o0
(ui) = /// G(ri)ui(z; — iy t)dridradrs (5.2)
—0o0

O000000000O0G(r,) booooooooo

- f] / Grs)drydrdrs (5.3)

G(ri) = G(=ri) (5.4)
goooogoooobooooood (ui>DDDDDDDDDD w, JO0O00O000oooooo
ui:<ui>+ui” (5.5)

OGsH)IDD0O0DDO00000DDO0O0O00O00DOOO0O0O0DOOOOO (b.2)bOo0OoOOO
0000000000000 00000O0000ODO00000O0O000O0 Bex)OOOOOOOO
gbooooo

(ui) # ({ui)) (5.6)

good

(ui"y #0 (5.7)

ooboooooOoOoLESOO0OOoOooooOooDoOoobooooDooobboOooon

5.1.1 000O0OO0OO0OOOgon

uogodagooooooboboo
(u)(z) = /OO G(r)u(x —r,t)dr (5.8)

gbbooboobobooobooobbooboobooan
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in(1kA

s iHGa-p) S
_6_ o2 _E2A2
00000 (%) exp (=%)  exp (—53°)
0oooooo sin(rr/2) H(Z — |x|)

051:0000000000G(r)000AQ0O0O0O0O0OOODOODOOOOOOO

b
el Glx) Gaussigz —————
shafrp spectral ------

—_;.——;-____q_—_-—‘—
- -

10

051:00000000000000 (OD)oOoOooOoOOO (O)

5.1.2 0000000000 OOOO00

0000000000000 0O0O00000000000w(z) 00000000 w(k)OODODOO

(k) = Flu} = % / Z w(@)e " dy (5.9)
O Gl ooooooood
(@) (k) = % / Z ¢~iRT g / Z Grulz — 7, t)dr (5.10)
== / Z ul(w — r, £)e= "y / Z G(r)e " dr (5.11)
= 4(k)G(k) (5.12)
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000000000000 G(k) OO
G(k) = / h G(r)e " dr = 2 F{G} (5.13)
oo0ooooooooond
/mewmr_émy_1 (5.14)

0000005100510 G0000000000000000
0D0000000w)000000000G(K)240000000000000000(w) # ((u))
000000000000000000000000000000000000000

G(k)? = G(r) (5.15)

gbobooboooboobooooboobooboboon
OO0000 LESODOO0ODOOO00ODOOO00DOO0O0 LESO0DOOO000DOOoO0ooogooooo
gbbooboobboobooobboobuoobbaoobd

5.2 DUOOOOOOOOOLOUOOOUOODO

ooooboooooboobooooooboOoooooboobobooooobooboOooboLESOODoOOn
0000000000000 (Leonard, 1974)000000000000000OCODOOOOOOO0O
gbbogboooboobooobbooboobboobuoobooboboobboobobod

(uj)j =0 (5.16a)
0000000000000000000000000000000
<WN+@ﬂ@mfﬂwﬂwm—Wﬂmrﬂ®—%@M+WwMj
——ﬂmﬂmg—ﬁm—%@m+wmmj (5.16b)

(€) st +(uy) () = —({uje) — (ug) ()5 +vele).j
= —7(uy,¢),; +ve(c),jj (5.16¢)

00007(a,b) 0 Germano O 00O (Germano, 1992) 0 0O,
7(a,b) = (ab) — (a)(b) (5.17)

0000000000 7(uw,w;) 000000000000000000000000000000
0000000000 (subgrid scale (SGS) stress, residual stress) 000 000000000000
goggobbboodoobbbooooobboobobbuooobobbuoodubbooooobooan
gugodaooooooobobooodd
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w=(y)+u/ 0000000000000000O0O0O0O0O0O0O0OO0O00

(s, uj) =(uing) — (ui)(u;)
=Lij + Cij + Ry (5.18)
Lij = ((ui){u)) — ({ui))((u;))
Cij = ((ui)uf) + (uf/ (uz)) — ((ui)) () — (ug) {(uy))
Rij = (uju]) — (uf)(u}) (5.19)

L;j,R;;,C;; 00Leonard D0 000000000000 0O0O0O0O0DOOOOOOO

53 LESOOU0OO0ODOOOOODOO

gooobooooobobbooobobobooooooobbooooooboobbooooboobog
gboodgbooboobooobobooboboobobobooboboobobobobboobood
000000 (.1e)0000000000000DO000O0DODO0O0OO00O0OO (w))D0OO0OD0OO
() DO0O0O0D0OD0O0O0DODO0O0DO0O0O0LESOODOOOOODDOOOOODOSmagorinsky et al.
(1963) 000 00000CO00O0ODOOODOOOO

i) = ey = —val (g +Hag)) (5:20)

UbbOU0e0bb0O0bOO0obbOo0obOoOobbOoOobOogy

1 1

€s = 5Ti = 5 ((uiug) — (ug){ug)) (5.21)

0000000 (5200 00RANSOODOOOODOOODO

/
U;

2_ _ _ )
u; — getdij = —VT(’U,Z',]‘ +Uj,i) (4.2 )
000000000000000000000
1
=5 (7ig  Poy) = —pluing +tjs) (2.4")

0000000000000 (52000000 5, 00000000000000000000000
0000000000000000000000
1 3
%=U$AV§«WM+WﬂH“WM+@ﬂN (5.22)
0 (5.20)0 (5.22) 0000000000000 00000ADOODDOOOOOOOOO000M
C,0000000000000000000000000000000000000000000
000000000000000000000000000000000000C,~0200000
Ooo0oo0ooo
0000000000000000000000000000000000000000000C0
000000000000000000000000000000000000000000000

18



gbooboobooboboboobobodobobbobobooboobobobobbobood
gbbodgboooboobooobboobuoobboobuooboon

00000000000 000ODeardorff (1980),Moeng (1984) 000 O00OOOO0OOOO
gbbogobboodobboobooobboabb e gbboobbbooobboobbogd
gbbobbooooboobboboobbdvev, 00 e 0booboonboobbobbg
gbooobobobooobobboobbobobobobolsbonoooooooboboobon

19



INTVd 00T X G =0¢ X ;03¢ 8T X 9T (¥00g) T 10 epuesy
"peId Iereos zuoy/m ‘10ads opnosd 00T X € = T T XS (200Z) ‘T8 10 [Pmwmrs|
AdT/m SHT-SINVY  (0G1070T) X 0T 0T X 9T =9% X 0F X 09T 9¢ X 8% X g'6T (000g) Iessiay pue ueuystiyeredoy)
SHT-SINVY  (08T020T) X ;08T (0T X 9T =92 X 0F X 09T 9¢ X 8'F X g'61 (000g) T %0 ueuysLiyerRdon)
7w ygseg-swepy ‘1oads-opnasd 08 X Z& X 79 G X €9 (666T)u0s3IqTY
SHT-SINVY  (001070T) X ;00T 0T X 0°L = 9F X 8¢ X 00F GCX8EXOV (866T) PTG PUE IESSIAY

urewop JAIA ‘SHT-SINVY (0g01¢) X 008 0§ X £¢§ G X V01
pojseu ‘3 ur Jox-des] SHT-SINV Y (0g019) x 00T 06 X ¢¥9 ¢ X 79 (866T) T 30 TesSIAY
pojsoN “3oods-opnasd ¢C6T 10 (87T 2z x 4(*z¢) (L66T) Inesselq pue eUURYY]
"joads-opnosd 07 X £GE CX S (786T) SuaoIN

(ur)
owps  (w)Jumeds prin) SprLIY) Urewo(J SIEN |

;9 uonye[nuuls Appe-agIe] urd 9310 MOH :g'C [

20



el UOOODO

6.1 0O0OO
OO0 w(z)0 z=2000 Taylor 000000000000
ou (Ax)? 0%u (Az)? d3u
Azx) = Axr — — — 1
u(x + Azx) = u(z) + x&rx 2 9, 3T 928, (6.1)
O0000000Ow(z) 0000000 w 00000000 OODOODO
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000 u(z—Az)0 2000 Taylor 000000
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_ — —Az) — - - .
u(z — dz) = u(z) + (—Ax) oz, > o, 3 6x3x+ (6.3)
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ou U; — Uj—1
— ) =— A 0000 4
(&B)Z_ UL o(aa) (6.4)
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6.2 U0
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E—O&w (67&)
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(@,t=0)=T for0<e (6.7b)
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1.2 T T T T

0 6.1: 0 (6.8)0000
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T(x,t)=T(iAz,jAt) =T/ 000000000000000000000000
T -1 T -2 4T
= i=1...N,j=1...M 6.10
A7 Ba)? (u  J ) (6.10)
00000000
i Bt (g J i : ;
T: :7;+(Axﬁ(ﬂ+1_2ﬂ'+E*J (i=1..N,j=1...M) (6.11)

00000000¢t=4At0000 T =0,1,2,...) 000000007/ =0,1,2,...)000
000000000000000000000000000000000000000000000
0000000000000000000000000

Example 2 0000000000

000 Az,At00000 (6.11)0 0000000000000 O0O0OOOOOOOOOODODOOO
gbbodobooobooboodadyd

22



(93]

[

I T T T T T T T T T e Y
s e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e,

1 2 3 4 5 X

T=1

0 6.2:0(611)00000000000O0O0ODODOOO

£=0.001 -~
t=

! ! | 0 | ! !
0.4 0.6 08 1 0 02 0.4 0.6
(a) Az = 0.05, At = 0.0005 (b) Az = 0.05, At = 0.005
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1=z T8 N=21 dt=0.005 ------ 1
0.8 |- -
0.6 - -
04 -
02 -
0 L PR | : L PR | N P
0.001 0.01 0.1 1

(¢)2=02500000000 (Az = 0.05)

063 0(611)0000000000000000 (68)0000
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6.2.2 0O0O0O
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