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Pycckas 1koyia poOTOpHOM a3pOJAUHAMUKHT
[HAT'Y um. H.E. XKykoBckoro (1918-2018)

XKyxosckuit H.E. Berunnkun B.I1. OpbeB b.H. Cabnnun [.X.

XKyxosckuii H.E. (1847-1921)

“BuxpeBast Teopusi [peOHOr0 BUHTA UK U3 4-X crarel, u3nanueii ¢ 1912 mo 1918
Tpu npyrue paboThl, mocBseHHbIC BeTpsakaM. [locnenuss nznana B 1920 1.

OcuoBHoli pe3ynbraT (JKykoBckuii, 1920; Betz, 1920): npenenbHOe 3HaUCHHE SHEPTUU
BeTpa B 59.3 %, KOTOPYIO MOXKHO YTHIM3UPOBATH



3apyOekHas IIKOoJIa POTOPHOM adpOJIMHAMUKHU

Froude R.E. Prandtl L. Betz A. Lancaster F.

The Russian book
Okulov V.L., Sorensen J.N ., van Kuik G.A.M. Development of the optimum rotor theories.
Moscow-Izhevsk: R&C Dyn., 2013. 120 p. ISBN 978-5-93972-957-4.



CpenneronoBas CKOpoCTh BeTpa Ha BeicoTe 100 m B PO
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CpeaueroacBan CxopocTs
setpa (H = 100 »)

MoTeHuuan B cybbekTax PO paccuntbiBaeTca Ha ocHoBe metoga AHO «HUL, «ATmorpad»

«PABU» O630p poCCUINCKOro BETPOIHEPreTMYECKOro pbiHKa 3a 2017 roa,




XapakTepHbIe MaCIITAObI

Table 1. Scale requurements 1 wind turbine aerodynamics

Length scale (m) Velocity scale (ms— 1] Timescale (s)
Aerofoi1l boundary layver 0.001 100 0.00001
Aerofoil 1 100 0.01
Rotor 100 10 10
Cluster 1000 10 100
Wind farm 10000 10 1000
Cluster of wind farms 100000 10 10000

M~ 0.3 Re=10e7 - 10e8 Ry = Hg(®uus — ©0)/T Ufjyp. (TSR) = QR/Unus

Ilpobnema 1. Yuem enuanus nopvieos eempa Ha pabomy BIY

Ilpoonema 2: Yuem énusanus opoepaguu mecmrnocmu Ha pabomy BOY

IlIpoonema 3. Oyenxa enusnus 3aumooelicmesus mypoyieHmuoblx ciedos 3a BOY

Wind Energ. Sci., 1, 1-39, 2016



MonensHblii BeTponapk ¢ 14 BOVY B cene ApxaHreiabckoe
YneaHoBckoit oosactu PO. [Hlupora 54°26°. Jlanasie 2016 1.
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Jlanuele n3 porpammMel Google Earth Pro B paiione mocenka
KpacHusiii Sp YinbsHoBckol oo0nactu. Ilupora 54°26°.
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Pesynbrarel NpoBeIcHUS BETPOMOHUTOPUHTA
B YIIbSIHOBCKOM o0Osiactu P®

- 23 centa6ps 2011 roga B paiioHe cena ApXaHTEIbCKOE
ObUT yCTAaHOBJIEH BeTpousmeputesibHbI komiuieke (BUK)
BbICOTOM 50 M.

- [0 UTOroM roJI0BOTO UKJIa BETPOMOHUTOPHHTA

(oktsi6pp 2011 1. — cenTa6pp 2012 r. ) OBUIO TPHHSATO
pelieHrue 00 yBenuueHuu BbicoThl BMK, uTo mo3Bosnio Obl
paccMaTpuBaTh B MPOEKTE Ooyiee coBpeMeHHbIe BOY.

- 26 Hos10pst 2012 r. BeicoTa BUK Oblia yBenuueHa 110 67 M.

- Janneie  BerpoMonuTopuHra ¢ = 23.09.2011 o
25.05.2012 OputM UCIIONB30BaHbI IS aHAJIu3a BO3ACHCTBUS
npensatcteuil  Bokpyr BHK, 3areHeHuss JaryukoB U
MOJICTUPOBAHUSI CE30HHOTO M3MEHEHMS BEPTUKAIBLHOIO
npodusi BeTpa.
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CpenHssi CKOpOCTh U IPO(PUIIb BETpa, MOCTPOSCHHBIN 10 pe3yJibTaTam

12 MecsneB n3amepeHun

CpegHAA CKOPOCTb BETpa No MecsAlam no pesyabratam
BeTpomoHuTopuHra (m/c)

/\ /

Ha BbicoTe 67 m 33 12
MECALLEB U3MEPEHUIN

coctaenser 6,50 m/c ==

/ Vi
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\/\//prga CKOPOCTb BETPa
AHBapb ®@espane  MapT Anpenb Mait b Uonb Asryct  Centabpe Okmabpe Hombpe [flexabpo

MporHo3smpyemas no AaHHbIM 12 mecaues U3mepeHnia, CpeaHeroaosaa CKOpPoCTL BETPa Ha
naowaake pasmeuwieHna B3C cocrtasnneT:

v 6,53 — 7,06 m/c Ha BbicoTe 93 m (BbicoTa ocv BeTpokoneca B3Y Gamesa G114-2.5);
v 6,79 — 7,24 m/c Ha BoicoTe 99,5 m (BbicOTa Ocv BeTpokoneca B3Y Siemens SWT-3.0-113).

BeicoTa Haa yposHem semni (m)
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Pe3ynbpTaThl mpoBeeHNS BETPOMOHUTOPHHTA
Po3a moBTOPsSIEMOCTH CKOPOCTH BETpa M dHEPTHH, pacnupeneieHne BetiOymna,
po3a cpeaHel CKOPOCTH BeTpa

Poxa moumsoctit (xBr/u®)
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MaremaTuueckas MOAEIb

Meton kpynHbIX Buxpen — LES
MeTo/1 KOHTPOJIBLHOTO 00bEMA
SOWFA — otkpbiTas 0ubaInoTeKa

ou
J
—=0 - VYpaBHEHHE HEPA3PHIBHOCTH
OX
Uj =U; —U; - 3HaueHHE CKOPOCTH IOCIIE IPOoLeayphl (PUIbTpauu
ou; o (- _ . dp 0 0
ot 0x OXj  OXj Lo OX;
Where Ejj - the alternating tensor, - YpaBHEHUE IBIKECHUS
£j - Rotation Rate Vector for Earth, ~ B npubmkennn byccunekca
P - Modified pressure variable,
B Ri’ - Fluid stress tensor.
00 o0 o,
+ =—— >
ot X, X, - YpaBHEHHUE JJIs TOTEHIUATIBbHOU TEMIIEPATYPhI

Where 0 j -theresolved-scale potential temperature, T'j - isthe SGS temperature flux



Actuator Line Model for wind turbine

_ F_actuator r 2
fLne (r) = =375 ©XP —(—) Total Aerodynamic Force
ETT £
Aerodynamics coefficients Cx(a) C,(a) are known for different profiles

Angle of Attack from -180 till 180. The Simple bodies for wind turbine are:
"Cylinderl, "Cylinder2", airfoil profiles "DU40_A17", "DU35_A17", "DU30_Al17",
"DU25 A17", "DU21 Al7","NACA64 AlT7"



IloBepXHOCTHAsA MOeJIb CABUIOBbIX HANIPSKEHU M

u? = \/<r133 (%, Y)) + (735 (%, y)) friction velocity

__ U. 7 7 A .. .
KU (Zl)>‘:_{|og(z_1j_wm(_lﬂ Monin-Obukhov ABL similarity laws (angle

K 0 L brackets denote planar average)
6
L=—u.— The Obukhov length
kgq,
- 5U(xy.z)
Tiss (X, Y) =—U. ——= The surface shear stress model of Schumann
(U(2)

Constraints

- Relies on planar averages (angle brackets)
- Mathematically valid only for flow over flat terrain




Hewntpanenabiii 1 YcromunBbid AIIC

Global Energy and Water Cycle Experiment Atmospheric Boundary Layer Study
(GABLS) model intercomparison case

Flat terrain

Cases: 3000 m x 3000 m x 1020 m
150x150x51 grid (20 m) and 300x300x102 grid (10 m)
Surface cooling rate 1.38889 K/s

Periodic BCs

Geostrophic wind Ug — norapud. npoduib
54.6 N latitude

20 =0.15m

SGS models:

Standard Smagorinsky

Dynamic Lagrangian Smagorinsky

U_g

Pacuernas o06macTh 1 ceTka



U magnitude nome. t = 20 000 c. Bepxnwuii - “neutral”, mmkamii —‘stable".

U Magnitude
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ITone Temnieparyps! 1151 HeUTpanbHoro AIIC. CpaBHEHHE TI0JICH CKOPOCTHU TIPH
t = 20000 c. Cerka 300x300x102 t=0, t=20 000 cexyHnn
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2.887e+02




[Iynecanuu ckopoctu Ha BeicoTe 90 M., ceTka 150x150x51

Uprime X
-2.078e+00

£1.0315

--2.048e+00

Heo0xoaumo yuuThIBaTh MyJIbCAllMM CKOPOCTH U JIaBJICHMUS.
BaxHo 171 OILIEHKM BIMSHUS ACUCTBYIOIIMX CHII Ha JionacTh BOY.



Blind test4 2015 mpumep

PaznnuHoe nmomoxeHne BETPOyCTaHOBOK:

xX/ID =2.77 x/ID =5.18 x/D = 9.00
Low turbulence uniform inflow: Tu=0.23%

High turbulence uniform inflow: Tu= 10.0%

The blades were machined in aluminum and
have a NREL S826 airfoil section from root to

tip
DTow, T1=0.11m,

T2 the rotor sits on top of a stepped tower
consisting of 4 cylinders of different
diameters.

T2 Is the same turbine that was used in BT1.

The nacelle of turbine T1 is a circular cylinder
of DNac,T1 = 0.130m diameter.

The nacelle of T2 is also circular but with a
diameter of DNac,T1 = 0.130m.

Huametp poropa DT1 = 0.944m, DT2 =
0.894m.

IBlade= 0.413m and are directly mounted on
the hubs with the diameters Dhub,
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Fig. Model wind turbines in the wind tunnel
(x/D=9.00) in NTNU, Trondheim, Norway

The model turbines were tested in a closed-
return wind tunnel.

It has a test section which is 2.71m wide and
11.15m long.
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CpaBHeHeHne 0e3pa3mepHoi ckopoctu U/Uref
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OxcrepumeHnT B ENFlo Laboratory, University of
Surrey Guildford (the stable, unstable and reference neutral cases)

View of wind turbines in the working section, looking upstream. A 3-wide x 4-deep array.
E. Hancock and T. D. Farr 2014 J. Phys.: Conf. Ser. 524 012166. 2



PacueTtnas obnacth, cetka (4.6,8 MiH. sdeek),
Precursor method, I'Y mns npumepa ¢ 12 BDY

2D- fields with
interpolation from
ABLSolver

Wall NON-SLIP
(wall for wind
turbines)

Atmospheric Pressure

Zero Gradient for
Velocity

precursor atmosphenic
boundary layer simulation mflow boundary wind plant simulation
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Pacder 1moJist 3aBUXPEHHOCTH U CKOPOCTH IS
12 BOY B momeHT Bpemenu T = 20 cekyH

omega Magnitude
-1.089e+01

81644
l5.4429
£07215
“1.107e-03

CeTtka: 6 MnH. sueek TSR=6  PacuyeTt Ha knactepe 1 npumep: 72 sgpa
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Pacuer nosg ckopoctu 11 cinydas ¢ 14 BOY B MOMEHT BpeMEHU
T =15 cexynn mpu Ug=1.5 m/c

U Magnitude
_2.038e+00

-1.4836
2y

=5.547e-01

CeTka: 6 MNnH. a4eek TSR=6

PacueT Ha knacTepe 1 npumep: 72 agpa




3aKIIF0OYEHUE

[IpoBeeHbI TECTOBEIC PACUETHI IS H3BECTHEIX IIPUMEPOB C
ucrnoap3oBanueM ononnorexku SOWFA

TpeOyeTcst ydeT BIusiHUSL oporpauu MECTHOCTH IS
JIEMCTBYIOIIETO BETpONAapKa

HeobxonuMo uccinemoBaHue BIUSHAS PA3TAYHBIX MOJICIEH A1
TypOYJEHTHOM ITOJCETOYHON BA3KOCTH

IIpoBeneHue pacueToB B MmaciuTaoe 1:1

Hossie BeTponapku B KpacHomapckoMm kpae u Kapennu: HOBbIE
BbI30BbI

Pabota BeINOJIHEHA TIpH (hpuHaHCOBOM noaAepkke PODU (rpant
Ne 17-07-01391).



Urops BsaueciaaBoBuu TkaueHKO
TOKTOP TEXHUYECKUX Hayk, mpodeccop PAH

(1971—2018)



Avalilable SGS LES models in SOWFA

Modified SGS Models

* United Kingdom Met Office Smagorinsky model [1]
— Sensitized to flux Richardson number

— Backscatter through random number accelerations and fluxes
* One-equation anisotropic [2]

— Contains an “isotropy” factor

— Reduces dissipation near surface in high shear

* Nonlinear one-equation [3]

— Anisotropy through nonlinear stress/strain relationship
— Accounts for backscatter

* Dynamic Lagrangian Smagorinsky model (LASI model)

1. Mason, P. J.; Thompson, D. J. (1992). “Stochastic Backscatter in Large-Eddy Simulations of Boundary Layers,"

Journal of Fluid Mechanics, Vol. 242, pp. 51-78.
2. Sullivan, P. P.; McWilliams, J. C.; Moeng, C.-H. (1994). “A Subgrid-Scale Model for Large-Eddy Simulation of

Planetary Boundary-Layer Flows," Boundary-Layer Meteorology, Vol. 71, pp. 247-276.
3. Kosovi¢, B. (1997). "Subgrid-scale Modeling for the Large-Eddy Simulation of High-Reynolds-Number Boundary
Layers," Journal of Fluid Mechanics, Vol. 336, pp. 151-182.



A Lagrangian-averaged scale-independent (LASI)
dynamic Smagorinsky model
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C. Meneveau, T. Lund, W. Cabot, Journal of Fluid Mechanics 319, 353 (1996)
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TecTtoBeli TpuMep ¢ ATMOC(EPHBIM
[TorpannuabsiM Croem (AIIC)

Global Enerﬂysand Water Cycle Experiment Atmospheric Boundary Layer

Study (GABLS) model intercomparison case
Flat terrain
400 m x 400 m x 400 m

64x64x64 grid (6.25 m) and 128x128x128 grid (3.125 m)

Initial temperature profile constant up to 100 m, capped by inversion
Surface cooling rate 0.25 K/hr

Periodic BCs

Geostrophic wind U=8 m/s U_g=(8.0, 0.0, 0.0)

73 N latitude

z0=0.1m

SGS models:

Standard Smagorinsky
LASI dynamic Smagorinsky

Numerical domain and grid Field of value Cs at t=30 000 s



ITone ckopoctu UO B paznnuHbie MOMEHTBI BpEMEHU
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Mean vertical profiles of (a) wind speed, (b) wind direction, and (c) potential
temperature from simulation of the present study and the GABLS model
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Pacuet criektpa sHepruun E(kx) misa 12 BDY

Figure. 3D box in numerical domain for calculation E(K)
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Cp and Ct for case with 12 wind turbines

R I S T S S

] 0.3659 0.1027 1.303 0.5486
-, 0.3600 0.1028 1.282 0.5491
_ 0.3530 0.1037 1.257 0.5539
4 0.3834 0.0914 1.365 0.4882
I ] 0.3828 0.0929 1.363 0.4962
6 0.3659 0.0906 1.303 0.4839
0.3978 0.0927 1.417 0.4951
g 0.3921 0.0974 1.396 0.5202
_ 0.3365 0.0968 1.198 0.5170
10 0.3830 0.0968 1.364 0.5170
Y 0.3688 0.0968 1313 0.5170
0.3610 0.1005 1.285 0.5368

Positions of wind turbines:

1 2 3
4 5 6
7 8 9

10 11 12
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