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Adaptive lattice Boltzmann method
e0

Construction principles

Approximation of Boltzmann equation

Is based on solving the Boltzmann equation with a simplified collision operator
Of +u-Vf=w(f?—f)+F
Kn = Ir/L < 1, where Ir is replaced with Ax
Weak compressibilty and small Mach number assumed

Ralf Deiterding - Application of lattice Boltzmann methods for wind turbine wake simulation



Adaptive lattice Boltzmann method
e0
Construction principles

Approximation of Boltzmann equation

Is based on solving the Boltzmann equation with a simplified collision operator
Ohf+u-Vf=w(f—f)+F
Kn = Ir/L < 1, where Ir is replaced with Ax
Weak compressibilty and small Mach number assumed

Equation is approximated in simplified phase space and with a splitting
approach.

1.) Transport step solves difo + €4 - Viu =0
Operator: T' fu(x + e At, t + At) = fo(x, t)

Zf(xt xtu,(xt)—Zea,axt)

a=0
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e0
Construction principles

Approximation of Boltzmann equation

Is based on solving the Boltzmann equation with a simplified collision operator
Ohf+u-Vf=w(f—f)+F
Kn = Ir/L < 1, where Ir is replaced with Ax
Weak compressibilty and small Mach number assumed

Equation is approximated in simplified phase space and with a splitting

approach.
1.) Transport step solves difo + €4 - Viu =0 . ; /‘”
Operator: T' fo(x + eaAt, t + At) = fo(x, t) S /
Zf(xt xtu,(xt)—Zea,axt) V‘,///’/ \H]
a=0 ¢ / " \40
Discrete veIOC|t|es. +
0, a =0,
e, = (£1,0,0)c, (0,+£1,0)c, (0,0, £1)c, a=1,...,6,
(£1,+£1,0)c, (£1,0,+1)c, (0, £1,+1)c, a=7,...,18
c= %)t( Physical speed of sound: ¢; = %
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Adaptive lattice Boltzmann method
oe

Construction principles

Approximation of thermal equilibrium

2.) Collision step solves 0;fo, = w(f$? — f) + Fa
Operator C:

fu(- t + At) = fo (-, t + At) + wi At (if"(-, t+ At) — fu (-t + At)) + AtF,

with Fo = E}p).‘aeaF/(:2 and equilibrium function

3equ
C2

+ -+

9(e,u)®  3u?
fa =pta |1 —_
~ (pyu) = pt, [ + 204 2c2

. 1 1111111111111 11111
With ta = §{3,5,5,3: 5+ 20204 42 42 4o 40 40 £ 4> &0 40 40 &0 )

Pressure op =" £e9c2 = pc?.

wi At e
Dev. stress ¥ = (1 - ) Zeaieaj(faq —fa)
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Approximation of thermal equilibrium

2.) Collision step solves 0;fo, = w(f$? — f) + Fa
Operator C:

fu(- t + At) = fo (-, t + At) + wi At (if"(-, t+ At) — fu (-t + At)) + AtF,

with Fo = E}p).‘aeaF/(:2 and equilibrium function

N 9(eau)®  3u’  equ (Q(eau)2 3 3;12)}
2c4 2¢c?  3¢? 2c* 2¢?

with ta = 5{3,3. 3.0 5 b o b oo Do b D)

Pressure op =" £e9c2 = pc?.

wi At e
Dev. stress ¥ = (1 - ) Zeaieaj(faq —fa)

3equ
C2

faeq(pv u) = pta [1 +
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oe

Construction principles

Approximation of thermal equilibrium

2.) Collision step solves 0;fo, = w(f$? — f) + Fa
Operator C:

fu(- t + At) = fo (-, t + At) + wi At (if"(-, t+ At) — fu (-t + At)) + AtF,
with Fo = E}p).‘aeaF/(:2 and equilibrium function

2 2 2 2
fa'(p,u) = pta [1 + 3ec(§u J eau) Su eau (g(e“u) 3 )}

2c4 2c2 ' 3¢2 2c4 2c2

; _1f3 111111111111 111111

with to = 3 3v27272v2’27274’4747474’4747474’474747}
— eq 2 __ 2

Pressure op = > f37cs = pcs.

wi At e
Dev. stress ¥ = (1 - ) Zeaieaj(faq —fa)

A Chapman-Enskog expansion (f, = £, (0) + ¢fo (1) + 3£, (2) + ...) shows that

Op+ V- (pu) =0, du+u-Vu=—-Vp+vVu+F

2
are recoverd to O(e¢>*) [Hou et al., 1996] and also w, =7, ' = H—Zistcgﬁ
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Adaptive lattice Boltzmann method
o
Complex geometry handling and adaptation

Level-set method for boundary embedding

Implicit boundary representation via distance
function ¢, normal n = Vo/|V|.

Construction of macro-values in embedded
* boundary cells by interpolation / extrapolation.

Complex boundary moving with local velocity w,
ghost cell velocity: u’ = 2w —u
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Adaptive lattice Boltzmann method
o
Complex geometry handling and adaptation

Level-set method for boundary embedding

Implicit boundary representation via distance
function ¢, normal n = Vo/|V|.

N Construction of macro-values in embedded
* boundary cells by interpolation / extrapolation.

Complex boundary moving with local velocity w,
ghost cell velocity: u’ = 2w —u

Then use f37(p’,u’) to construct distributions in
embedded ghost cells.

: Wall function acts on first layer of exterior cells.
Sets shear velocity according to Spalding function.

Distance computation for triangulated grids with
CPT algorithm [Mauch, 2000].
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Adaptive lattice Boltzmann method
o
Complex geometry handling and adaptation

Level-set method for boundary embedding

Implicit boundary representation via distance
function ¢, normal n = Vo/|V|.

Construction of macro-values in embedded
. boundary cells by interpolation / extrapolation.

Complex boundary moving with local velocity w,
ghost cell velocity: u’ = 2w —u

Then use f37(p’,u’) to construct distributions in
embedded ghost cells.

Wall function acts on first layer of exterior cells.
Sets shear velocity according to Spalding function.

Distance computation for triangulated grids with
CPT algorithm [Mauch, 2000].
Block-structured adaptive mesh refinement (SAMR)
Refinement in all spatial directions and time by same factor
Refined blocks overlay coarser ones
Most efficient LBM implementation with patch-wise for-loops
LBM implemented on finite volume grids

AMROC V3.0 with significantly enhanced parallelization [Deiterding et al., 2007,
Deiterding, 2011, Deiterding and Wood, 2015, Deiterding et al., 2006]
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Adaptive lattice Boltzmann method
@000
LES models and verification

Turbulence modeling

Pursue a large-eddy simulation approach with f, and e
1.) fa(x +eaAt, t + At) = Fo(x, t)
_ ~ 1 ~eq ~
2) Falt+ At) = fo(, t + At) + At (fa (- t+ At) — Falt+ At))
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Adaptive lattice Boltzmann method
@000
LES models and verification

Turbulence modeling

Pursue a large-eddy simulation approach with f, and e
1.) fa(x +eaAt, t + At) = Fo(x, t)
_ ~ 1 ~eq ~
2) Falt+ At) = fo(, t + At) + At (fa (- t+ At) — Falt+ At))

. . . 1 /7 1 . .
Effective viscosity: v* = v + vy = 3 <A7Lt - E) cAx with 77 =7+
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Adaptive lattice Boltzmann method
@000
LES models and verification

Turbulence modeling

Pursue a large-eddy simulation approach with f, and e
1.) fa(x +eaAt, t + At) = Fo(x, t)
_ ~ 1 ~eq ~
2) Falt+ At) = fo(, t + At) + At (fa (- t+ At) — Falt+ At))
Effective viscosity: v* = v + vy = T(r 1 cAx with 7/ =7+
yrv=vrrn=g\ar 2 L=
Use Smagorinsky model to evaluate v4, e.g., vr = (CsmAx)2|§\, where

Sl= 237555,
i

The filtered strain rate tensor S; = (0;u; + 0;1;)/2 can be computed as a
second moment as
— Y 1 —eq =
Si' = J = € €ayj fa - fa
" 2pciry (1 - ‘szAt) 2pcéri za: i :
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@000
LES models and verification

Turbulence modeling

Pursue a large-eddy simulation approach with f, and e
1.) fa(x +eaAt, t + At) = Fo(x, t)
_ ~ 1 ~eq ~
2) Falt+ At) = fo(, t + At) + At (fa (- t+ At) — Falt+ At))

3\At 2
Use Smagorinsky model to evaluate v4, e.g., vr = (CsmAx)2|§\, where

Sl= 237555,
i

The filtered strain rate tensor S; = (0;u; + 0;1;)/2 can be computed as a
second moment as

. . . 1 oy 1 . "
Effective viscosity: v* = v + v = = <i - 7) cAx with 7} =71 + 7

5,
2pcért (1~
T¢ can be obtained as [Yu, 2004, Hou et al., 1996]

= (V72 +16V2(net) 1 CrtixiS| — 7

_ 1 g =
Sij = WLAr) T 2pcitf Zeaie&j(fa —fa)
2 o«
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Adaptive lattice Boltzmann method
0e00
LES models and verification

Further LES models

Dynamic Smagorinsky model (DSMA)

1 (L;My)
Com(X, t)2 — - A=
2 (M M)

L= Ty —7 =t — il My = Bx [8[S; — A[S[S;

Computations here do not use van Driest damping yet.
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0e00
LES models and verification

Further LES models

Dynamic Smagorinsky model (DSMA)

1 (LyMy)

2
Comlox. 2] = <M’JMU>

~ —

Lj=Ty— 7 =w — o, My=Ax [§[5; — A[S[S;
Computations here do not use van Driest damping yet.
Wall-Adapting Local Eddy-viscosity model (WALE)

Ve = (CWAX)2OPWALE, where C,, = 0.5
WALE turbulence time-scale

(J373)?

OPywaie = —— 5
(55Si )2 + (JiJi)*

u’]l‘j = gikgkj + ﬁik§kj - g&'j(gmngmn - ﬁmnﬁmn)

. (vHv) +F A2
T = 5

Effective relaxation time (see previous slide): 5
Cs
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Adaptive lattice Boltzmann method
[e]e] o)
LES models and verification

Homogeneous isotropic turbulence

Fourier representation
Periodic boundaries, uniform mesh

Use of external forcing term, i.e.,
result independent of initial

conditions
Forcing:
F. = 2A(T:|ZZ) G(kx, Fiy, iz)
(5t
F. = _A(T;’I?)G(Hx’ Ry, iz)
with phase

2w 2wy 27z

G(Fix, Ky, Kz) = sin (Tnx + Iy + 1

being a random phase value.
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Adaptive lattice Boltzmann method
[e]e] o)
LES models and verification

Homogeneous isotropic turbulence

Iso-surface ||ul|/{ums) = 2

Fourier representation
Periodic boundaries, uniform mesh

Use of external forcing term, i.e.,
result independent of initial
conditions

Forcing:

KyKz

P = 24( ) Gl )

Kxkz
F, = —A( PE )G(mx,f@y,mz)
Kxk
F, = —A( |H|2Y)G(/<;x, Ky, Kz)
with phase
G(kx, Ky, Kz) = sin MTXAX + 2%}//@ + 2LLZ/£Z + ¢) for (0 < ki <2) and ¢

being a random phase value.
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[e]e] o)
LES models and verification

Homogeneous isotropic turbulence

Iso-surface ||ul|/{trms) = 2
» Fourier representation
> Periodic boundaries, uniform mesh

» Use of external forcing term, i.e.,
result independent of initial

conditions

Forcing:
=)
= At
oAt

with phase

G(kx, Ky, Kz) = sin (MTXKX + %Tyl"{/y + %Tznz + ¢) for (0 < ki <2) and ¢

being a random phase value.
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LES models and verification

Homogeneous isotropic turbulence

Iso-surface ||ul|/{trms) = 2
» Fourier representation

» Periodic boundaries, uniform mesh

> Use of external forcing term, i.e.,
result independent of initial

conditions
Forcing:
Kykz
F = 2A( |2|2 )G(nx,ﬁy,nz)
Kxkz
F, = —A( PE )G(mx,f@y,nz)
KxK
F, = —A( |H|2y)G(nx,/<ay,nz)
with phase
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being a random phase value.
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[e]e] o)
LES models and verification

Homogeneous isotropic turbulence

Iso-surface ||ul|/{ums) = 2

» Fourier representation
» Periodic boundaries, uniform mesh

> Use of external forcing term, i.e.,
result independent of initial
conditions

Forcing:

F = 2A('T;TZZ) G(kx, Ky, Kz)

Kxkz
F, = —A( PE )G(mx,f@y,nz)
Kxk
F, = —A( |H|2y)G(nx,/<ay,nz)
with phase
G(kx, Ky, Kz) = sin MTXHX + %Tymy + ZLLZHZ + ¢) for (0 < ki <2) and ¢

being a random phase value.
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Adaptive lattice Boltzmann method

oooe
LES models and verification

LES model verification

E(kLyy
o
5

1010 - DNS32Re) 47 ——
WALE 32 Rey 52 —=—
1012 | DSMA32Re)55 —=—
DNS 128 Rey 59
| WALE 128 Re, 60
DSMA 128 Re), 61
| DNS512Re; 69 —o— )

101

.
10 10?

1016
10°
KLy

Time-averaged energy spectra normalised by the turbu-
lent kinetic energy k and the integral length scale Li; of
LBM DNS and LES for two resolutions and DNS of the
highest resolution for the viscosity value v = 5 - 10>
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oooe
LES models and verification

LES model verification

10° T
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100
g
= 108
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i
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10 DNS 32 Rey 47 —+—
WALE 32 Re; 52 —*—
1012 | DSMA32Re)55 —=—
DNS 128 Re) 59
1014 | WALE 128Re, 60
DSMA 128 Re), 61
DNS 512 Rey 69 —s—
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10° 10 10?

KLy

Time-averaged energy spectra normalised by the turbu-
lent kinetic energy k and the integral length scale Li; of
LBM DNS and LES for two resolutions and DNS of the
highest resolution for the viscosity value v = 5 - 10>

Contours of vorticity magnitude (Jw| = 0.18)
at t = 68.72 (right) for DNS (thin blue lines)

of 512 against DSMA (dotted black lines) and
WALE (thick red lines) of 128% cells resolution
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Wind turbine wake simulation
o
Solid geometry

Motion solver

Based on the Newton-Euler method solution of dynamics equation of kinetic chains
[Tsai, 1999]

(TFP> N (m[cr]nxllcm —n:[rnd[gllzlx) <E’) " <[wlx(|TnEw—]xn[1‘[‘;]]i([:CIX)W> '

m = mass of the body, 1 = the 4x4 homogeneous identity matrix,

ap = acceleration of link frame with origin at p in the preceding link’s frame,
lem = moment of inertia about the center of mass, ;
w = angular velocity of the body, |
o = angular acceleration of the body,

c is the location of the body’s center of mass, L
and [c]* , [w]* denote skew-symmetric cross product matrices.
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Wind turbine wake simulation
o

Solid geometry

Motion solver

Based on the Newton-Euler method solution of dynamics equation of kinetic chains
[Tsai, 1999]

(TFP> N (m[cr]nxllcm —n:[rnd[gllzlx) (E’) " <[wlx(lrcnngw—]xn[:[‘;]]?[:01x)“’> '

m = mass of the body, 1 = the 4x4 homogeneous identity matrix,

ap = acceleration of link frame with origin at p in the preceding link’s frame,
lem = moment of inertia about the center of mass,

w = angular velocity of the body,

o = angular acceleration of the body,

c is the location of the body’s center of mass,

and [c]* , [w]* denote skew-symmetric cross product matrices.

Here, we additionally define the total force and torque acting on a body,
F= (FFSI + Fprescribed) . cxyz and

T = (TFs1 + Tprescribed) - Ca g~ respectively. LJ

Where Cyxy; and C,p~ are the translational and rotational constraints,
respectively.
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ind turbine wake simulation
@00

Single turbine modeling

Single Vestas V27
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Inflow velocity 8 m/s. Prescribed motion of rotor with 33rpm, r = 14.5m: tip

speed 46.7m/s, Re, =~ 919,700, TSR=5.84

Simulation with three additional levels with refinement factors 2,2, 4

Refinement based on vorticity and level set.
~ 24 time steps for 1° rotation

Validation results: Mexico rotor [Deiterding and Wood, 2016b],
[Deiterding and Wood, 2016a]
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Wind turbine wake simulation
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Single Vestas V27
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Inflow velocity 8 m/s. Prescribed motion of rotor with 33rpm, r = 14.5m: tip
speed 46.7m/s, Re, ~ 919,700, TSR=5.84

Simulation with three additional levels with refinement factors 2,2, 4

Refinement based on vorticity and level set.
~ 24 time steps for 1° rotation

Validation results: Mexico rotor [Deiterding and Wood, 2016b],
[Deiterding and Wood, 2016a]
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Inflow velocity 8 m/s. Prescribed motion of rotor with 33rpm, r = 14.5m: tip
speed 46.7m/s, Re, ~ 919,700, TSR=5.84

Simulation with three additional levels with refinement factors 2,2, 4
Refinement based on vorticity and level set.
~ 24 time steps for 1° rotation

Validation results: Mexico rotor [Deiterding and Wood, 2016b],
[Deiterding and Wood, 2016a]

Ralf Deiterding - Application of lattice Boltzmann methods for wind turbine wake simulation



Wind turbine wake simulation

@00

Single turbine modeling

Single Vestas V27

gezce 1 !
TeE
R el
I e
e
:
I
I e
EEEEEEES
i EREER eReRces
7HHWHH
i \J I |
I I
Emamams, ‘ 1

Inflow velocity 8 m/s. Prescribed motion of rotor with 33rpm, r = 14.5m: tip
speed 46.7m/s, Re, ~ 919,700, TSR=5.84

Simulation with three additional levels with refinement factors 2,2, 4
Refinement based on vorticity and level set.

~ 24 time steps for 1° rotation

Validation results: Mexico rotor [Deiterding and Wood, 2016b],

[Deiterding and Wood, 2016a]
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Inflow velocity 8 m/s. Prescribed motion of rotor with 33rpm, r = 14.5m: tip
speed 46.7m/s, Re, ~ 919,700, TSR=5.84

Simulation with three additional levels with refinement factors 2,2, 4
Refinement based on vorticity and level set.

~ 24 time steps for 1° rotation

Validation results: Mexico rotor [Deiterding and Wood, 2016b],
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Inflow velocity 8 m/s. Prescribed motion of rotor with 33rpm, r = 14.5m: tip
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Simulation with three additional levels with refinement factors 2,2, 4
Refinement based on vorticity and level set.
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Inflow velocity 8 m/s. Prescribed motion of rotor with 33rpm, r = 14.5m: tip
speed 46.7m/s, Re, ~ 919,700, TSR=5.84

Simulation with three additional levels with refinement factors 2,2, 4
Refinement based on vorticity and level set.

~ 24 time steps for 1° rotation

Validation results: Mexico rotor [Deiterding and Wood, 2016b],

[Deiterding and Wood, 2016a]
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Single turbine modeling

Rotor loads

meanGage Pressure, [N] mean, [N-m]

8000

7000

000

5000

4000

3000

2000

1000

Sampled every 0.034 s on 18 radial sections binned into 36 circumferential sectors
Mean pressure and torque o< 81 kW production, C, = 0.44, and C; = 0.78
All within 5% of the rated values [Vestas, 1994]

A simple actuator disc model predicts 95 kW production, C,=0.53, and C;=0.61 for the
Uy = 6.5m/s [Schaffarczyk, 2014, Spera, 2009]

vvyyvyy
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Wind turbine wake simulation
[ele] J

Single turbine modeling

Method variation — wake vorticity field

CSMA

[ »yncmz*"

=2

R

No-slip (NS) and wall function (WF) boundary condition, const. Smagorinksy model
(CSMA) with Cs, = 0.14, WALE model with C,, = 0.5

D3Q27 with recursive regularized approach by [Malaspinas, 2015] up to order 6

Simulation with three additional levels with refinement factors 2, 2, 4

Resolution Ax = 6.25 cm at structures, Ax = 50 cm in wake

~ 45.6s in 59 h wall time on 80 cores Intel-Skylake 2.0 GHz (~ 188 h CPU per revolution)
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Wind turbine wake simulation
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Single turbine modeling

Method variation — wake vorticity field
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No-slip (NS) and wall function (WF) boundary condition, const. Smagorinksy model
(CSMA) with Cs, = 0.14, WALE model with C,, = 0.5

D3Q27 with recursive regularized approach by [Malaspinas, 2015] up to order 6

Simulation with three additional levels with refinement factors 2, 2, 4

Resolution Ax = 6.25 cm at structures, Ax = 50 cm in wake

~ 45.6s in 59 h wall time on 80 cores Intel-Skylake 2.0 GHz (~ 188 h CPU per revolution)
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Wind turbine wake simulation
@000

Simulation of the SWIFT array

> Three prototypical Vestas V27 turbines. 225 kW power generation at wind
speeds 14 to 25m/s (then cut-off)

Prescribed motion of rotor with 33 and 43rpm. Inflow velocity 8 and 25m/s
TSR: 5.84 and 2.43, Re, =~ 919,700 and 1,208,000
Simulation domain 448 m x 240 m x 100 m

Base mesh 448 x 240 x 100 cells with
refinement factors 2, 2, 4. Resolution of
rotor and tower Ax = 6.25cm

vV vyVvYyy

> 94,224 highest level iterations to 40s
computed, then statistics are gathered for
10s [Deiterding and Wood, 2016a]

NoRTH

y

wrsT ” 25045 6% s EAST
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Wind turbine wake simulation
(o] lele)

Multiple turbines

Vorticity development — inflow at 0°, 8 m/s, 33rpm

Refinement of wake up to level 2 (Ax = 25cm).
Vortex break-up before 2nd turbine is reached.
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Wind turbine wake simulation
ooeo

Multiple turbines

Mean point values — inflow at 0°,

25 m /s, 43 rpm, TSR=2.43
:
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Velocity deficits larger for higher TSR
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Wind turbine wake simulation
ooeo

Multiple turbines

Mean point values — inflow at 0°,

25 m /s, 43 rpm, TSR=2.43
:

Turbines located at (0, 0, 0), TpooE Fowe R e R
; % ,-
(135,0,0), (—5.65,80.80,0) 09} L. v 1
Lines of 13 sensors with = 08 et * B
3
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center of rotor) z
06 |- 1
u and p measured over 05 ]
[40s,505] (1472 level-0 time 04 ‘ ‘ ‘ ‘ ‘
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Velocity deficits larger for higher TSR

Velocity deficit before 2nd turbine more homogenous for small TSR

Ralf Deiterdin Application of lattice Boltzmann methods for wind turbine wake simulation



Wind turbine wake simulation
oooe
Multiple turbines

Vorticity on levels — inflow at 30°, 8m/s, 33rpm

0 100 200 300
Time=0sec

Top view at 30 m (hub height). Turbine hub and inflow at 30° yaw Tevel Grids Cells
leads to off-axis wake impact. 0 5463 10.752.000
160 cores Intel-Xeon E5 2.6 GHz, 33.03 h for interval [50, 60] s. 1 6,464 20,674,760
~ 320 h CPU per revolution and turbine 2 39,473 131,018,832
At 63.8s approximately 167M cells used vs. 44 billion (factor 264) 3 827 4,909,632
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Wind turbine wake simulation
@0

Wake comparison for different models

Method variation — Detailed wake vorticity field

No-slip boundary condition, Constant coefficient Smagorinsky model

D3Q27, CSMA with G, = 0.14, WALE with C, = 0.5

Lower resolution! Ax = 12.5 cm at structures, Ax = 50 cm in wake

Simulation with three additional levels refined by 2,2,2. Only one level for wake
~ 65s in 56 h wall time on 240 cores Intel-Skylake 2.0 GHz

125 h CPU per revolution and turbine
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Wind turbine wake simulation
@0

Wake comparison for different models

Method variation — Detailed wake vorticity field

Wall function boundary condition, Constant coefficient Smagorinsky model

D3Q27, CSMA with G, = 0.14, WALE with C, = 0.5

Lower resolution! Ax = 12.5 cm at structures, Ax = 50 cm in wake

Simulation with three additional levels refined by 2,2,2. Only one level for wake
~ 65s in 56 h wall time on 240 cores Intel-Skylake 2.0 GHz

125 h CPU per revolution and turbine
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Wind turbine wake simulation
@0

Wake comparison for different models

Method variation — Detailed wake vorticity field

Wall function boundary condition, Wall-adapting local eddy-viscosity model

D3Q27, CSMA with G, = 0.14, WALE with C, = 0.5

Lower resolution! Ax = 12.5 cm at structures, Ax = 50 cm in wake

Simulation with three additional levels refined by 2,2,2. Only one level for wake
~ 65s in 56 h wall time on 240 cores Intel-Skylake 2.0 GHz

125 h CPU per revolution and turbine
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Wind turbine wake simulation
@0

Wake comparison for different models

Method variation — Detailed wake vorticity field

No-slip boundary condition, Wall-adapting local eddy-viscosity model

D3Q27, CSMA with G, = 0.14, WALE with C, = 0.5

Lower resolution! Ax = 12.5 cm at structures, Ax = 50 cm in wake

Simulation with three additional levels refined by 2,2,2. Only one level for wake
~ 65s in 56 h wall time on 240 cores Intel-Skylake 2.0 GHz

125 h CPU per revolution and turbine
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Wind turbine wake simulation
(o] J

Wake comparison for different models

Method variation — 3D wake field

No-slip boundary condition, Constant coefficient Smagorinsky model

1=33.9618 sec
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Wind turbine wake simulation
(o] J

Wake comparison for different models

Method variation — 3D wake field

Wall function boundary condition, Constant coefficient Smagorinsky model

1=33.9618 sec

P Clearly greater extension of wake with WF boundary condition when same iso-surface value
of vortcity magnitude |w| is considered
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Wind turbine wake simulation
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Wake comparison for different models

Method variation — 3D wake field

Wall function boundary condition, Wall-adapting local eddy-viscosity model

1=33.9618 sec

P Clearly greater extension of wake with WF boundary condition when same iso-surface value
of vortcity magnitude |w| is considered

> Slightly greater wake spread and smaller structures better preserved with WALE
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Wind turbine wake simulation
(o] J

Wake comparison for different models

Method variation — 3D wake field

No-slip boundary condition, Wall-adapting local eddy-viscosity model

1=33.9618 sec

P Clearly greater extension of wake with WF boundary condition when same iso-surface value
of vortcity magnitude |w| is considered

> Slightly greater wake spread and smaller structures better preserved with WALE
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Wind turbine wake si

Actuator line modeling

Actuator Ilne mOdeI Gaussian spreading function [Sgrensen et al., 1998]

f(d) = % exp ( - g)z

e3m2

Distance d between cell midpoint and ith actuator point

Appropriate choice of € and dr is essential:

Overlapping actuator points

_dr_,

Construction of velocity U, in blade
coordinate system and evaluation of
local aerodynamic forces

1 2 12
L= EpU,e,cC,é)r, dD = EpU,e,chSr

Spreading Function Factor
Spreading Function Factor

[ NI NS obs " ER
gl 0 1 2 3 4 ) 0 1 2 3
Radial Distance d (m) Radial Distance d (m)

e =0.6,dr =0.92m = 0.7, dr =0.65m
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Wind turbine wake simulation
oce

Actuator line modeling

Simulation of single V27 rotor

8m/s, 33rpm, TSR: 5.84

3 actuator lines with 40
points. Inner radius 0.5m,
outer radius 13.5m, € = 2m,
dr =0.325m

Chord length modeled roughly
along actual blade

Simulation domain
320m x 160m x 160 m

D3Q19 with CSMA

Tip loss correction by [Shen et al., 2005] with g = exp[0.125(BX — 21)] 4+ 0.1
B(R—r) )]

2
F :fcos_l[ex (—
1=z P & 2rsin¢

Base mesh 80 x 40 x 40 cells with refinement factors 2, 2, 4. Finest resolution of
rotor and tower Ax = 25cm (same as before for wake)

50s in 33h on 12 cores Intel-Xeon-E5 2.10 GHz. ~ 14.4h CPU per revolution
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Wind turbine wake simulation
o

Wake comparison

Axial velocity profiles at t = 43 s
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At hub height 100m downstream Downstream at rotor center

Reasonable quantitative agreement in averaged axial velocity

Smaller scale wake structures imminently different than with resolved geometry
approach
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Conclusions and outlook
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Conclusions

Conclusions

Thanks to the low dissipation property of the LBM wake convection
behavior is excellent. Hierachical meshes are crucial for efficiency.
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behavior is excellent. Hierachical meshes are crucial for efficiency.

Conventional standard D3Q19 performs very similar to recursive
regularized D3Q27 when run under stable conditions.
Influence of LES turbulence models when starting from laminar inflow is
small for our test configuration.
Simple embedded no-slip and wall function boundary conditions give quite
similar results on the hiearchical Cartesian mesh.
Error in geometry representation on Cartesian mesh dominant. Finite
volume LBM can eliminate this problem.
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Conclusions
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regularized D3Q27 when run under stable conditions.

Influence of LES turbulence models when starting from laminar inflow is

small for our test configuration.

Simple embedded no-slip and wall function boundary conditions give quite

similar results on the hiearchical Cartesian mesh.

Error in geometry representation on Cartesian mesh dominant. Finite
volume LBM can eliminate this problem.

Actuator line approach is at least O(10) faster than resolving geometry.
Modelling challenges for medium and small-scale turbulent wake
structures are imminent.

Consideration of tower and ground topology can pose stability
challenges.
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Conclusions and outlook
o

Conclusions

Conclusions

Thanks to the low dissipation property of the LBM wake convection
behavior is excellent. Hierachical meshes are crucial for efficiency.
Conventional standard D3Q19 performs very similar to recursive
regularized D3Q27 when run under stable conditions.

Influence of LES turbulence models when starting from laminar inflow is

small for our test configuration.

Simple embedded no-slip and wall function boundary conditions give quite

similar results on the hiearchical Cartesian mesh.

Error in geometry representation on Cartesian mesh dominant. Finite
volume LBM can eliminate this problem.

Actuator line approach is at least O(10) faster than resolving geometry.
Modelling challenges for medium and small-scale turbulent wake
structures are imminent.

Consideration of tower and ground topology can pose stability
challenges.

Immediate next steps: Test synthetic eddy inflow conditions and dynamic

Smagorinsky LES model with van Driest damping.
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Supplementary
o

Non-Cartesian lattice Boltzmann method

Lattice Boltzmann equation in mapped coordinates

Solves lattice Boltzmann equation in mapped coordinates

of of of 1
O Lo Moo a1 ey
ot TSt Teamn g, i <)

by applying finite volume scheme (2nd-order central differences with 4th-order dissipation
stabilization) to transport step. Collision step unchanged [Reyes Barraza and Deiterding, 2020].

B 0 = » Re CPU-time Mesh

— 7 20 AMROCLBM 245521 207796

Re Author(s) St Cq < FV-LBM 06:08:41 65536

100 [Chiuetal, 2010] 0167 135 030 - -

L
FV-LBM 0165 136 035 100  AMROCLBM  113:15:37 1026116

200 [Chiuetal, 2010] 0198 137 071 FV-LBM 05:58:49 65536
AMROC-LBM 019 126 070 300  AMROCLBM 1303718 1130212

FV-LBM 019 137 073 FV_LBM 06:03:42 65536
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Further LES verification results

Results
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Time-averaged energy spectrum (solid line) [N = 128 cells, v = 3e™> m?/s]
against a modelled one (dashed line and the -5/3 power law (dot-dashed line).
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Further single turbine results

Near wake pressures

5m 10 m 15m

g s 7 m g

Prms

Sampled every 0.034s on 6 circular regions centered at hub height (r. = 1.5R)
20 radial positions on 36 circumferential sectors

Tower shadow prominent

vvyyvyy

p deficit recovers 60% by 20 m
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Further single turbine results

Near wake pressures

5m

Prms

Sampled every 0.034s on 6 circular regions centered at hub height (r. = 1.5R)
20 radial positions on 36 circumferential sectors

Tower shadow prominent

p deficit recovers 60% by 20 m

Pprms deficit recovers 22% by 20 m

vVvyVvyYyYVvYyy

Prms Most intense in tower shadow
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Further single turbine results

Detailed wake vorticity field

No-slip boundary condition, Constant coefficient Smagorinsky model
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Further single turbine results

Detailed wake vorticity field

Wall function boundary condition, Constant coefficient Smagorinsky model

Stronger, more stable vortices with no-slip boundary condition from blade rotation and
behind tower
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Further single turbine results

Detailed wake vorticity field

Wall function boundary condition, Wall-adapting local eddy-viscosity model

r

Stronger, more stable vortices with no-slip boundary condition from blade rotation and
behind tower

Slightly larger expansion of downstream wake with WALE model than with CSMA
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Further single turbine results

Detailed wake vorticity field

No-slip boundary condition, Wall-adapting local eddy-viscosity model
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Stronger, more stable vortices with no-slip boundary condition from blade rotation and
behind tower

Slightly larger expansion of downstream wake with WALE model than with CSMA

Ralf Deiterding — Application of lattice Boltzmann methods for wind turbine wake simulation 30



Supplementary
@00

Further multiple turbine results

Refinement — inflow at 0°, 8m/s, 33rpm

—
Time=6.11312 sec
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Further multiple turbine results

Refinement — inflow at 0°, 8m/s, 33rpm

—
Time=12.9055 sec
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Further multiple turbine results

Refinement — inflow at 0°, 8m/s, 33rpm

—

Time=19.6978 sec
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Further multiple turbine results

Refinement — inflow at 0°, 8 m/s, 33rpm

Time=26.4902 sec
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Further multiple turbine results

Refinement — inflow at 0°, 8 m/s, 33rpm

Time=33.2825 sec
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Further multiple turbine results

Refinement — inflow at 0°, 8 m/s, 33rpm

Time=40.0749 sec
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Further multiple turbine results

Vorticity — inflow at 30°, 8 m/s, 33 rpm

Time=0 sec

Top view in plane in z-direction at 30 m (hub height)
Turbine hub and inflow at 30° yaw leads to off-axis wake impact.

160 cores Intel-Xeon E5 2.6 GHz, 33.03 h wall time for interval [50, 60] s (including
gathering of statistical data)
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Further multiple turbine results

Method variation — Wake vorticity field

CSMA

D3Q27, CSMA with Csp, = 0.14, WALE with Cyy = 0.5
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Further multiple turbine results

D3Q27, CSMA with Csp, = 0.14, WALE with Cyy = 0.5
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Further multiple turbine results

Method variation — Wake vorticity field

D3Q27, CSMA with Csp, = 0.14, WALE with Cyy = 0.5
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Further multiple turbine results

Method variation — Wake vorticity field

CSMA

D3Q27, CSMA with Csp, = 0.14, WALE with Cyy = 0.5
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Further multiple turbine results

Method variation — Wake vorticity field

CSMA

D3Q27, CSMA with Csp, = 0.14, WALE with Cyy = 0.5
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Further multiple turbine results

Method variation — Wake vorticity field

D3Q27, CSMA with Csp, = 0.14, WALE with Cyy = 0.5

Ralf Deiterding — Application of lattice Boltzmann methods for wind turbine wake simulation 33



Further actuator line model results

Axial velocity, 100-150m downstream, t = 43s

Y

Pseudocolor
Var Velocity_u

R s i
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Further actuator line model results

Vorticity between -5 and 25m downstream, t = 43
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