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Viscosity role in CFD models




Chapter 1

Physical viscosity




1.1. Compressible Navier-Stokes equations

Momentum equations

%@v) £V (pov) = ~Vp+pf+V-T  (L1)

Stokes law for viscous fluid

T = p[Vv + (Vo)'] = AIV - v (1.2)

VT = divT = (Za%,zagj,za%) (13)



1.2. Simplified models
Compressible Navier-Stokes system
V-T = V-{uVv+ (V)] = A\IV - v}
= V.- (uVv)+ A+ p)V(V - v)

Incompressible Navier-Stokes system divv =0

V-T=V-(uVv)

Euler system p=\A=0
V- T=0

(1.4)

(1.5)

(1.6)




1.3. Transport equation

d(pc)
ot

+ V- (pcv)=pfre —V - q. (1.7)

Fourier’s law for concentration flux

d(pc)

+ V- (pcv)= fpc+V-(k.Vc) (1.9)




1.4. Turbulence effects

Boussinesq hypothesis
p— K =pp+ pr
Turbulent diffusion coefficient =
=Laminar (molecular) viscosity +
Turbulent (eddy) viscosity

Example
[y, = const

=]

(1.10)




1.5. Summary

Physical diffusion coefficients
e Dynamical viscosity p
e Bulk viscosity A
e Diffusion coefficient k

e Turbulent diffusion K = ur + ur




Chapter 2

One-dimensional model problems




2.1. Model equations

Advection u; +au, =0

. 1 too .
W€ t) = () = u(eyt) = = [ e q(e)eidg
Diffusion u; +buy,, =0
+o00
A +) — —32€2bt A +) — 1 £2bt ¢ i&wds
(g, t) =e n(§) = u(z,t) Wt e> "n(€)e
Dispersion U + cugpy, =0
+ o0
a6, 1) = e ) = u(e,t) = —= [ eUqe)eag
9 9 271' o

Initial data



2.2. Numerical solution of advection equation

Model equation up + au, =0 a >0

Initial data u(z,t =0) =n(x)

n+l

i-1 i i+1




2.2.1. Classical explicit schemes

Up-wind scheme [U]
nil _ o aAt
U; = U Ar (
Down-wind scheme [D]
. . alt .
P = - E(ui—i-l - u;)
Central scheme [C]

n+1 n aAt

Uy = Uy — m(u?—f-l — )

Lax-Friedrichs scheme [LF]
n+1 1 n aAt

u

U = §(uz‘+1 +ui ) — E(U?Jrl — Ui )
Lax-Wendroff scheme [LW]
il QAL " a’At?
ui = — E(uz’—i—l —uj )+ BN Sz (Ui

2'U, +uz 1>




2.3. Behaviour of numerical schemes - Summary

Scheme Accuracy Stability | Behaviour
U (AL (Ax)! Stable Diffusive
D (At)' / (Az)! | UnStable | Dispersive
C (At)t / (Az)? | UnStable | Dispersive
LF (A (Az)! Stable Diffusive
LW (At)? [ (Az)? Stable Dispersive
Accuracy
ui = u(zi, ty) + O ((At)" + (Ax)?)
Stability

Von Neumann stabilty analysis



2.3.1. Diffusive & Dispersive behaviour

Upwind solution at time 4
1 T

0.5

[0 T ¥ ST TR TR
_0-5 1 1 1 1 1
0 1 2 3 4 5 6
Lax—Wendroff solution at time 4
1 T T T T T
0.5
(0¢ IHHRR RRRRRAR RRRARR: AR IRRRRRE
_05 1 1 1 1 1
0 1 2 3




Chapter 3

Analysis of Numerical Schemes

| =




3.1. “Discrete analysis”

3.1.1. Up-wind & Down-wind decomposition

uy + au, =0 a>0

ut — ufy — uf up —
e () 0w () | <o

un—i—l —

S ala{D} + (1 - a){UY =0

At
n+l
t n [ E
i—1 i i+1

X




u;H—l —

Ti +ala{D} + (1 —a){U}] =0

Scheme | Coefficient o
U 0
D 1
c :
LF % o 23&
LW Ty




un+1 —

S+ afa{D} + (1 —a){U}] = 0

3.1.2. Central & Upwind decomposition

=0 g

un—f—l o

’A—t" +a20{C} + (1 —2a){U}] =0

3.1.3. Central & Viscous decomposition

v=-P8 oS

urth al\x
S M _(1-9
N 1< —( o)

——{V}| =0




3.2. Numerical viscosity

ultt — y? aAx
T + CL{C} = (1 - 2@)T{V}

uttt —

ith' +a{C} = p{V}

uy + au, =0 — Ut 4+ AUy = UUgy

Advection — Advection-diffusion

alAx
= (1 —2a) ——
p=(1—-2a) 5

€




un+1 —u”
4t C}=pu{V
o a{Ch = V)
aAx
— (1 = 2a) —=
p={1=20)—
Scheme | Coefficient o | Coefficient ¢ | Coefficient p
aAx
aAx
C 5 0 0
1 Ax 1 Ax?
LF 2~ 2aAl 5 241
1 aAt a’At
LW 2 2Aa gl 2
Parameter v = ‘Z—Axt is bounded by stabilty condition.
CFL condition — v <1




un+1—un
i i LY
) = vy
aAzx
— (1 —2a) —~
p={1=20)—

Scheme| € 7 Accuracy | Stability | Behaviour
D —1 | =222 < 0| (At)!/(Az)! | UnStable | Dispersive
C 0 0 (At)!/(Ax)* | UnStable | Dispersive

a’At . .
LW |y <1 5 (At)?/(Az)? | Stable |Dispersive
U 1 a2z | (At)!/(Az)! | Stable | Diffusive
LF |1>1] 22 |(An!/(Az)' | Stable | Diffusive
CFL condition — v <1




3.2.1. “Discrete analysis” - Summary

e |t is possible to rewrite the schemes as a sum of “inviscid, unsta-
ble” part and “viscous, stabilising” part

e Each scheme contains some amount of “imbeded, implicit” nu-
merical viscosity

e The amount of viscosity influences the stability, accuracy and
dispersive-diffusive behaviour of the scheme

[£R()-Et/

$'M'RYf
- H’% ‘é’ﬁ{rﬂﬁ;
e IV A ; 7y
S Bl 54 ,.(,,,.fff;,%
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3.3. “Continuous analysis”

3.3.1. Motivation example

dy

= fy) yt=0) =y

Euler method

d
y(t + At) = y(t) + Atd—?z + O(A)

dy _ylt+ At —y(t
— i A +O(At)

f()

\ . g




Modified equation

dy At*d?y 5
y(t + At) = y(t) +Atdt toraet O(At”)
dy ylt+At)—y(t) At d%y 5
— A oae +0(at)
f(y)
dy d2y_dfdy_df

At df

dy
i fly) + gd—yf(y)




“Original equation”

dy
E_f(y)

“Modified equation”

%=f<y)+

Example

dy 2

“Modified equation”

At =0.9/16




Solid: True Solution, Dashed: Mod. Eq. Solution, *: Euler
1 1 T T T T T T T T




3.3.2. Derivation of “Modified equation”
The advection equation
w + au, =0 a>0

Up-wind scheme

n+l _

T N
A A o B Y |
At [

U(Cﬂi,th)A; w(xi, ty) ta [U(Cﬂz‘,tn> — u(x_1, tn)] _0




Taylor expansions

At?
U(.CUZ', tn—i—l) — U(ZUZ‘, tn) + Atut(xh tn) -+ 7“’&(1;2'7 tn)
At3
+ 7’1&@;(5@, tn) + O(At4)
A 2
ul@ii,t) = ulas ) = Avug(es t) + =t t)
Ax3

— Tuxm(:vz, tn) + C’)(Aaz4)




u(i, tyy1) — u(w, ty)

= wy(x;, t,) + 7“#(%7 tn)

At
At?
+ i, t) + O(AF)
1y n) i—1)on A
u(x;, ty,) A;L(iﬂ 1, tn) = u(zi,ty) — Txum(:ci,tn)
72

U(I'Z', tn—i—l) T ,U’(xia tn) +a U(.CUZ', tn) o ’U/(,’in_l, tn) _

At Ax

= ur(wi, ty) + aug(zity) + .00 =0




At At?

w(xi, ty) + aug(x;, t,) = _TUtt(fEia tn) — ?um(ﬂfi, tn) + O(At?’)
A Ax?
= Qxem(xz: n) - = 6:6 ua::cx<x27tn) + O(ALE3)
u+au, =0 =— o _ —OLi
! v ot ox
Uy = Upy & Uy = —0 Uy
2At SAt?
Ut(xz', tn) + aum<xi7 tn) - _a 9 umx(aji, tn) + aTum:a;(xza tn) + O(At3)
A Az?




A 2At
(i, ty) Faug(x;, t,) = (azx _ ¢ > ) U (T4, tn) +F O (A Ax?)
A
u( i, tn) + aug(x;, ty,) = azx(l — Yo (25, )
Up—wind alAzx
w+auy, =0 —5 up+ au, = T( — Y)Ugy

15! order approximation of Original equation

u + au, = 0+ O(At; Ax)

2" order approximation of Modified equation

A
ur + au, = %(1 — Ve + O(AF; Az?)




3.3.3.

Examples of modified equations
Scheme Modified equation
Up-wind ur + auy = (1 — W)CLATxum
Down-wind ur + au, = —(1+ W)CLA—%um
Central U + au, = 7“%93 Uy
Lax-Friedrichs u + au, = (— — )45 Ty,
Lax-Wendroff U + aty = “A"‘ (1—~ )umx
Beam-Warming | u; + au, = “M (2 — 37 + Y Uprs
Wendroff U + auy = an (2 + 37 + ) U
Crank-Nicolson Up + au, = an LRI + Y ) Uy




3.3.4. Generalisation of modified equation concept

n+l

U U

n
7

Consistency

Explicit schemes

|as| + |ou| =0
Implicit schemes

3| + o] # 0

n n
Uy — Uy

) + Qo <
un+1_un+11
] 1— :O
) (=)

a1 +oag+ag3+ag=1

g |
At _1<

[ U
+ a 043(

U — Uy
Ax

(05




o oo |o |-
(~p)
3 o|lo|o|o |~
-~
8|q|5| 8
. 4393
3 —~leq| O I
-~
8|q|3| 8
- A_aAa_im
3 | e <t
| | |
1_21_2
Q
5 uLlSz 2
m - | o
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Modified equation - up to 3" order terms

Uy + AUy — €Uy + €E3Urrx

alAx

€2 = _T{(al — o2) + (a3 — ay)

+v [(a1 + a2)? — (a3 + au)?] }

aAx?
e = ———{1+37[(a] — a}) — (o] — a})]

+2v% [(a1 + a2)® + (a3 + a)’] }




Uy -+ AUy — €Uy + €E3Urrx

alAx _aAx?
= €3 Ugy + €3 U
Scheme €2 €3 — —
U 1 —~ €, > 0| diffusive
D —1—x €5 < 0| unstable
C — €5 < 0| unstable
LF % — €; > 0| diffusive
LW 0 —(1 —~?) es # 0 | dispersive
W 0 —1(24 37+ %) | €3 # 0 | dispersive
CN 0 —3(24+9?%) | e3 # 0] dispersive




Up-wind

2.2r

1.81

o
o ©

S16)
1.4 P
[e]
0]
Q

L

1.2

0.8 . . .
0 0.5 1 1.5 2
x—coordinate

aAx
Ut + AUy = (1 - 7)Tumm

Lax-We‘ndrofI"

2.2r

Re)

o]
o

1.81

S1.6r

1.4r

1.21

0.8 . . .
0 0.5 1 1.5 2
x—coordinate

aAx?
ur+au, = —(1 —’72)T

uil:(lZZL‘

Lax-Friedrichs

0.5 1 15 2
x—coordinate
alAx

ut+au; = (- — ) Uz
% 2

Beam-Warming

22r

e}

°®
A
OO
0.8 . Lo .
0 0.5 1 15 2
x-coordinate

5 AAZ?




3.4. Numerical schemes analysis - Summary

e Numerical solution of the advection equation is “much closer” to
the solution of advection-diffusion or advection-dispersion equa-
tion

e The behaviour and quality of numerical solution is essentially de-

pendent on the coefficients of modified equation

e The detailed knowledge of the structure of the leading order terms
in the modified equation can be used to construct the “high res-
olution” numerical methods



Chapter 4

Introduction to High Resolution
Methods

1. Improved classical schemes
2. "“Blended schemes”
3. “Composite schemes”

4. Artificial viscosity methods




4.1. Improved classical schemes

Lax-Friedrichs

Uz‘H = §(ui+1 +u ) — %(Uiﬂ — )
u; = u; %(ui-i—l — i) + = (ufy = 2u) +ug )
Modified Lax-Friedrichs
utt = _%<ui+1_ui—l>+§<ui+l_2ui +ui ) e € (0;1)

Modification of the internal numerical viscosity of the scheme




4.2. Blended schemes
Central & Upwind

u?}—l—l —

S tala{Ch+ (1 —20){U}] =0 a€(0;1)

Central - low diffusion & Upwind - high diffusion
—> Blended - “optimal” diffusion

e constant blending coefficient

e variable blending coefficient

Dependent on the local solution behaviour (e.g. on the solution
gradient)



4.3. Composite schemes

1. Advance m steps by the higher order, dispersive method
(e.g. Lax-Wendroff)

2. Advance n steps by the low order, diffusive method
(e.g. Lax-Friedrichs)

Lax-Wendroff - solving & Lax-Friedrichs - smoothing

Step | Scheme
1. LW
LW
LW
LF
LW
LW
LW
LF

Example
m=3n=1

PN RN




4.4. Artificial viscosity methods

n+1 n
ultt — aAx
M afC) = (1 200" 0 v)
wtt [uﬁl—u;’-l} (1= 2 AT [t~ 2uE
At 2Ax 2 Az?

Generalisation - Artificial viscosity

u™t! = Lu™ 4+ Du™

IL ... discrete evolution operator

D ... artificial diffusion operator




Example - Central scheme

aAt
+1 __
u T = uy — IAL (uz—l—l u; ;) +Du}

A\

]Lu"

How to design the numerical viscosity?

Du"” = Dyu”™ + Dyu"™

n 2 ~ n n n
Dou" = eAx u,, ~ e(uy,; — 2u; +uj' )

n 4 ~ n n
Div" = e4Ax Uppey ~ es(uy, o — 4ui' ) + 6w — 4w | +ui )




Chapter 5

Viscosity - Overview




Viscosity role in CFD models
Viscosity:

1. Physical
- coming from the mathematical description of the fluid flow

(a) Laminar - basic property of the fluid. Usualy constant or
temperature dependent

(b) Turbulent - depends on the local flow field and is given by
turbulence model

2. Numerical
- introduced as a consequence of numerical method used for the
solution

(a) Internal - implicitly involved in the numerical discretisation

(b) External - explicitly added into the numerical solution to
improve the stability and accuracy of the numerical method



Part Il

Application of CFD Models in ABL
Simulations




Chapter 6

Definition of the Problem




6.1. Geometry of the domain

6.1.1. Wind-tunnel scale tests

3D case

Figure 6.1: Three-dimensional domain with sinusoidal hill




2D case

t TN

b

Figure 6.2: Two-dimensional domain with sinusoidal hill

Hill

H/2

slope height H length L,

S3H4
S3HT7
SHH4
S5HT

0.3
0.3
0.5
0.5

4 cm
7 cm
4 cm
7 cm

6.67 cm
11.67 cm
4.0 cm
7.0 cm

Figure 6.3: Hill geometry for 2D problems Table 6.1: 2D hill setup




6.1.2. Real scale tests

Real terrain orography

Figure 6.4: 3D domain with real terrain topography (Mediterranean coast)



Chapter 7

Governing equations




7.1. Reynolds averaged Navier-Stokes equations

Uy + vy +w, = 0

up + (¥ +p)e + (w), + (vw), = [Kugl, + [Kuy), + [Ku.], + fo

v+ (u), + (V4 p)y + (vw), = [Kv,), + [Kv,), + [Kv.], — fou
w + (uw), + (vw), + (W* +p), = [Kw,], + [Kw,), + [Kw.].

In vector form:

th_l_Fw_"Gy‘l'Hz: Rm"_sy_l_Tz‘I_fW

Where W = (0, u, v, w)’ f,, = (0, fev, — feu, 0)" and R = diag(0,1,1,1)

= (u,u® + p, uv, uw)’ (0, Ku,, Kv,, Kw,)"

R =
= (v, uv,v* +p,ow)’  S=(0, Ku,, Kv,, Kw,)"
y y y
= (w,uw, vw,w? + p)' T=(0, Ku., Kv., Kw.)"

I o ™M




7.2. RANS - nonconservative form

Uy + 0y +w, =0

U + ULy + VU, + WU, = —% + {[Kux]x + [Kuy,, + [Kuz]z} + fou
v+ uv, + vv, +wu, = —% - {[K’Ux]x + [Kv,], + [K’Uz]z} — fou
wy + uw, + vw, + ww, = —% + {[wa]x + [Kw,), + [sz]z}

In vector form:
Uy +Vy +w, =0

v
VituV oV, fwV, = —7p—|—{[Kvw]w—l—[KVy]y—l—[KVz]z}—l—fv

Here V = (u,v,w)’, f, = (fov, — feu, 0)'.




7.3. Boussinesq approximation

(pou)ﬂv + (pov)y + (pow)z =0

Py 1
— + _{[PoKux]x + [poKuy]y + [poKuz]z} + fev

Ut + Uy + VUy + WU, =—
Po  Po

/!

1
v+ vy + vy + wo. =+ = {[p, Kv,], + [p,Kv,), + [p, K0} — fu
0 0
1 o’
—= + —{[p, Kw,], + [poKwy]y + [p Kw.].} — o

Wi + UW, + VWy + WW,=—

0 0 0

In vector form:

(P, )z + (P,v)y + (P,w): =0
\Z

1
Vt+uvm+’vvy+wvz = — +p_{ [POKVm]w+[poKvy]y+[posz]Z}+fV

0

Here V = (u,v,w)T, f, = (fv, — feu, g—ﬂg)T.
0




7.4. Transport equations

K E

Oci

: . ) . i Cﬁ
CituCl+vC +wCl = |K ] N

Oci

o=

Oci

O+ uO, + 10, + WO, = K%] +[K@] +[Kg]
x Y z

g0 ge (e




7.5. Turbulence modelling

Algebraic turbulent closure K =v;+vr
Turbulent viscosity ...  vp = {2 [(%)2 + (%)2]1/‘@

G=(1+pRi)?2 for Ri >0
Stability function . .. (L+ 5 Ri)

G = (1 — B Ri)? for Ri <0
. . —5
Mixing length ... £ = % lo = M
Type of surface zg [m]
snow, ice 107
flat hayfield, grass of height 1 cm 1073
grass of height 10 cm 1072
grass of height 50 cm 71072
city estate 1/10 =+ 1/20 average height of buildings




Chapter 8

Numerical Solution

o
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8.1. Artificial compressibility formulation

%+uw+vy+wz

Vi +uV, + vV, +wV,
CZ + uC’; + 'vC; + wCi
O:+ u0, +v0, + woO,

where V = col(u, v, w)

/

Vp

Po

+ [KV,]. + [KV,], + [KV.]. + f

[ Ci ci C:
K—= + | K + | K
i (02 Ci . (02 Ci Y g Ci .




8.2.

Finite difference discretisation

\
]

A
/1]

\
/




8.3. One-dimensional model schemes

Advection equation:
w + au, =0

n+l

X-scheme - Wendroff

n+l nt+l _ , ntl n

n n
u u; a |u u Uu; — U;
) i—1 +1 7 t n
-y { + ] —0

At 2 Az Az

X

n+l

i+1

Y-scheme - Crank-Nicolson

n+1 n n+l _ _ ntl n n
Ui —w o @ Ui — Ui X Uin Ui _ g A
At 2 2Ax 2Ax i

X

i+1




8.4. Semi-implicit scheme

Vi

uV,

vV,

wV,

5 V!

1

2

1
2

—{

{

_|_

1,7,k

( z+1/25 Viie w900 V?ﬁ

1
2

DO | — DO

)

- — n
(U?H/z Oy Vi jk =+ Uj_1 90y Vz',j,k) +

n < "
(wk+1/2 ik T wk—1/2 52 Viajak) +

n+1
+1/25 Vijk + Ui 1/25yvuk) }

H
wk+1/25 Vijk + wp_ 1/25z

n+1
w)")




Computational stencil

Semi-implicit scheme

Time level n Time level n + 1




Numerical Solver

Semi-implicit scheme

Five-diagonal system of linear equations

n+1 n+1 n+1 n+1 n+1 _



Numerical Solver

Semi-implicit scheme

n+l e |
@
ij-1k 5 il
O O O
.

k S
ﬁ
Jj=const

J
Three-diagonal iterative procedure

asV! @V +aV! = RHS—a,V!

i,7,k 1,7,k+1 ij+1k

n=1...m-1



Sparse structure of system matrix

Semi-implicit scheme

Fully implicit matrix

Diagonal block




8.5. Pressure resolution

Pressure is updated from the modified continuity equation
Py = —(uy + vy + w,)

The derivatives are discretized by central differences at time level (n + 1/2)

n+1/2
P~ O Dk

1
+1
Ur ~ 50U+ Oty i}
1
n n+1
Uy ~ 5{511%,!« + 5y”i,j,k}
n+1}

1
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8.6. Artificial viscosity terms

The non-physical oscillations are dumped by combination
of artificial viscosity of second and fourth order.

DV?! = D*!+ D'V

0
D2V:L = €2Ax3—|Vx\Vx
ox
= €2A£C2<€i+1/2vx - 62’—1/2\/90)
|Vi+1 — Vzl for |Vi+1 - Vll < %
Cit1/2 =
+1/ ng for |Vii1 — V| > %
D4V? = €4A334V:1:x:m:
= & (V?J_2 — 4V + 6V =4V, + V?+2)




8.7. One-dimensional test

Linear advection equation test
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Non-linear Burgers equation test
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8.8. Finite-volume scheme for 2D RANS

Structured finite-volume grid




n+1
Wi,k —

Mac Cormack finite-volume scheme

n
2,

At
g |D; i

)

1
§[WZ,€—|—W

n—l—%
i,k

4
D (= RAz — (Hf = T})Am}
=




Mac Cormack numerical flux

Mac Cormack inviscid fluxes

Predictor Corrector

n n n+3 n+3
Fi = F(Wz’,k) Fp 2= F(Wz’+1,k)

n n n+3 n+3
Fy = F(Wz,k) Fy 2 = F(Wz’,k—i—l)

n n n+t3 n+3
Fy = F(Wi—l,k Fs ? = F(Wi,k )

n 7 n+s3 n+%
Fi = F(Wi,k—l Fy ? = F(Wz’,k )

dual control volume

=3

Viscous flux

=2




Mac Cormack numerical flux

“hie
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Central




Artificial viscosity

DWi = & [[Wi, — Wil (Wi — Wi) — (Wi — Wi [ (Wi — Wi y)]

Pry1 — 2P + P (W2, — W) — Pr = 2Pp 1 + Py
Pl 200 pp | T T 2 ),

+ e Wiy —4Wp_ | +6Wi — AW + Wio) 6,6 €R

wi - wg )]

DW} = g2[




8.9.

L

3D Finite-volume scheme for RANS

Finite-volume semi-discretization

ol ot
8Wijk
= =L Wik
ot

1
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D] o Jop D
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Fy

Finite-volume semi-discretization

Inviscid flux

[ ———

D..
ik Dk
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Viscous flux




Runge-Kutta time integration

AW, ;
dt]k = —£ Wi
0 n
Wz(,j),k — Wijk
Wi = W —a AEWT e =1, m
Wi = W

The three-stage explicit RK scheme has coefficients:

ay =1/2, a, =1/2, ay =1




Artificial viscosity

A (r
EWZ(] p = LW w)k‘ +DW; J)’f
DW? = 62A$2 Wm;|?+€4A$4me:x|?

DW! — &(WI, — 2W7 + W)
+ €& (W — AW, + W) — AW, + Wz+2)
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Chapter 9

Selected Numerical Results




9.1. Wind-tunnel scale tests

u=u’ w=0
u=u(z) o~
w =0 Q Gu =0
z /\

Figure 9.1: Boundary conditions for 2D incompressible Navier-Stokes model

H/2

Hill  slope height H# length L,

S3H4 0.3 4 cm 6.67 cm
S3H7 0.3 7 cm 11.67 cm
S5H4 0.5 4 cm 4.0 cm
S5H7 0.5 7 cm 7.0 cm

Figure 9.2: Hill geometry for 2D problems Table 9.1: 2D hill setup




Turbulence model adjustement
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9.3. Validation in 2D - Pressure distribution
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9.4. Validation in 2D - Separated flow
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9.5.

Pollution dispersion
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9.6.

Real scale tests

Figure 9.3: 3D domain with real terrain topography



Computational domain & Boundary conditions
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Boundary conditions implementation in complex terrain
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p...extrap.
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Figure 9.4: Wind velocity vectors, constant velocity at the upper boundary



Figure 9.5: Given meteorological data (velocity field) for the level 5000 meters
above the sea level.




Contours of the computed near wall velocity field.

Figure 9.6
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Figure 9.7: Comparison of u-component profiles for 21. June 2001 at Saint
Chamas
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Figure 9.8: Comparison of v-component profiles for 21. June 2001 at Saint
Chamas
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