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MopenupoBaHue BJ3Y NREL ¢ ncnonbsoanuem FlowVision 3.09

KomaHpa ucnsitarenem B NREL mn
aKcnepumMmeHTtanbHoe obonyanosaHume

5 DA N ==
140 agu

Cnawnpg Ne 2

i iNREL

NATIONAL RENEWABLE ENERGY LABORATORY

NREL - National Renewable Energy
Laboratory, NASA Ames Research Center.

*  HecTtaunoHapHble  UCMNbITAHUS  BITPO-
9HepreTnyeckon yctaHoBku (BJY, BeTpoBas
TypOuHa) nNpoBOOMIIUCb B TUrAHTCKOW
NPSAMOYrofibHOW a’apoanHamMuyecknn Tpybe:
BbicoTa - 24.4 M, LULMpUHA - 36.6 M.

* bblfla co3gaHa HayyHasd rpynna COBETHUKOB
N3  adspoaNHaMUKOB N 3KCNepToB MO
moadenuposaHuio BAY no Bcemy munpy, 4TOObI
onpenenuTb yCroBus NcnblTaHWUN 7
MaKCUMU3NpoBaTb OTAa4vy OT UCTbITAHUN.

* MNapannensHO UCMNbITaHUAM BeErocb crienoe
TeCTUPOBaAHME pacyeTHbIX nporpamMmm. (*)

(*) Simms D., Schreck S., Hand M., Fingersh L.J. NREL Unsteady
Aerodynamics Experiment in the NASA-Ames Wind Tunnel: A
Comparison of Predictions to Measurements. Technical Report, June

TECWUC, MexayHapoaHbin hopym, MockBa, 2014



MopenupoBaHue BJ3Y NREL ¢ ncnonbsoanuem FlowVision 3.09
OcHoBHbIEe napameTpbl BJY

* Yucno nonacrent: 2
Ounametp potopa: 10.058 m
e BbicOoTa nogbema yCTaHOBKK: 12.192 m
e CKopocCTb BpalleHua: 71.63 06/muH
e CKOpoCTb BeTpa: OT 6 M/c, B HEKOTOPbIX TecTax - oT 5 m/c
e PerynMpoBaHMe MOLLHOCTU: CPbIB
e HOMWHaNbHaA MoOWHOCTb: 19.8 KBT
e OpueHTaymA poTopa: NPOTUB BETPA
e HanpasneHue BpalWeHUA: NPOTUB YaCOBOMW CTPENKU (ecnm
CMOTpPETb MO HanpaB/EHUIO BETPA)

Cnawng Ne 3 TECWUC, MexxayHapoaHbin oopym, Mockea, 2014
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NleomerTpma poropa

Blade Attachrent
point at 10.1% Span. ] 737 m ot 25% Span.
Specified Geometry (SB09 exclusively) -

|
I E— L
—F | — |
—
0.356 m
ot 100% Spon.
N I |
Jwist [ Tip Cap Attechment
____—— 0.48% m crt ot 98.2% Span.
at 75% Span. Tie Cap

Pitch
Az ot 309‘ hord

.-llzf:g :;turta Suction S..rfcchl’
1 1 1 1 I 1 | 1 1 | 1
o 20 30 Radiua {Eg‘urwnt] =] 70 a0 30 100
PoTop Typ6uHbI, 0° yron KOHycHOCTU (pa3Mepbl B MeTpax) —
Section L
leomempus Cylindrical X $809
e CeyeHuns nonactm B nnaHe: npodmnb NREL S809, Seelio
MacWTabnpoBaHHbIN U NOBEPHYTbIN .
y—"‘ | .
e /1nnHa yyacCTKa OT LEeHTpa BpalleHna 4o Yo

Ha4yana nepexoaHoro ydyactka: 0.883 m

* Yron ycTaHOBKM npodumna Ha KoHue : 3° o
(VICH bITAaHNA CEPUN S ) WU306paxeHne NPUKOPHEBLIX NOBEPXHOCTEN
(pa3mepbl B meTpax)
M



MaTtpuua cepuin cnbiTaHKUM Obifla cocTaBneHa ang npoBeaeHnst nccrnegoBaHnn B
2-X HanpasneHnax. OgHo HanpasneHne CBA3aHO C MUTaunen paboTbl YCTAHOBKM,
apyroe — co coopom nHopmauum ans naydeHnem crneumduyeckmnx assneHni. B

MopenupoBaHue BJ3Y NREL ¢ ncnonbsoanuem FlowVision 3.09

OnucaHve ucnbiTaHUM

Tabnuue oHn HaHeceHbl ¢ nomeTkamu (F) n (P), COOTBETCTBEHHO

Table 1. Test Matrix Overview

Ordinal Test Sequence Upwimdi Rigidi Cone ¥ awr Slow Blade Parked/ | RPM Blade | Probe | Blade Day NASA Run
Number Downwind | Teetered | Angle Angle aw Tip Pitch | Rotating Press. | Press. Tip Number
(deg) (deg) Sweep (deg)
B Downwind Baseline (F) Downwind | Testered 34 Locked 3.0 Rotatimg 72.0 X X Baseline 1-4 11-14
C Downwind Low Pitch (F) Downiwind | Testerad 34 Locked 0.0 Rotatimg | 72.0 X X Baseline 14 11-14
D Downwind High Pitch (F) | Downwind | Testered 3.4 Locked 6.0 Rotatimg 72.0 X X Baseline 1-4 11-14
E ' @w Releases (P) Diowmwind Rigid 3.4 Locked |/ Free 3.0 Rotating 72.0 s X Baseline 5 15, 16
F Downwind High Cone (F) | Downwind Rigid 18.0 Locked 3.0 Rotating | 72.0 X X Baseline 8 17
G Upwind Testered (F) Upwind | Testered 0.0 Locked 3.0 Rotating | 72.0 b X Basaline a0 34, 38
H Upwind Baseline (F) Upwind Rigid 0.0 Locked X 3.0 Rotating | 72.0 X X Baseline | 9.11.12,15 | 20, 4143, 50
1 Upwind Low Pitch (F) Upwind Rigid 0.0 Locked X 0.0 Rotating | 720 X X Baseline | 8.11.12 20, 4143
J Upwind High Pitch (F) Upwind Rigid 0.0 Locked X 6.0 Rotating | 72.0 X p.3 Baseline | 9,11.12 39, 41-43
k. Step ADA, Probes (P Upwind Rigid 0.0 Locked at 0 Step & ramp | Rotating 72.0 x b Baseline 15 50
L Step ADA, Parked (F) Upwind Rigid 0.0 Locked at 0 Step & ramp | Parked 0.0 X x Baseline 13 48
M Transition Ficed (P) Upwind Rigid 0.0 Locked X 3.0 Rotating | 72.0 X Baseline 16 52
M Sin AQA, Rotating (P) Upwind Rigid 0.0 Locked at 0 Sinusoidal Rotating 72.0 x X Baseline 14,15 49, 50
o Sin AQA, Parked (P) Upwind Rigid 0.0 Locked at 0 Sinusoidal Parked 0.0 x X Baseline 13 4447
P Wake Flow Vis. Upwind Upwind Rigid 0o Locked 3.0, 1210 Rotatimg | 72.0 Visualize 10,11 40, #1
{F)
2 Crynamic Inflow (P} Upwind Rigid 0.0 Locked at 0 Step Ruotating 72.0 x b Baseline 15 50
R Step ACA, Mo Probes (P) Upwind Rigid 0.0 Locked at 0 Step & ramp | Rotating 72.0 x Baseline 16 52
] Upwind, Mo Probes (F) Upwind Rigid 0.0 Locked X 3.0 Rotating | 72.0 X Baseline 16,18 52, 54
T Upwind, 2 deg Pitch (F) Upwind Rigid 0.0 Locked at 0 2.0 Rotating | 72.0 X Baseline 16,18 52, 54
U Upwind, 4 deg Pitch (F) Upwind Rigid 0.0 Locked at 0 4.0 Rotatimg | 72.0 X Baseline 16,18 52, 54
W Tip Plate (F) Upwind Rigid 0.0 Locked at 0 3.0 Rotating | 72.0 b Plate 18 54
W Extended Blade (F) Upwind Rigid 0.0 Locked at 0 3.0 Rotating | 72.0 b Extended 18 54
kS Elevated RPM (F) Upwind Rigid 0.0 Locked at 0 3.0 Rotatimg 20.0 x Baseline 19 55
3 Tower Wake Measure (P} | Downwind Rigid 3.4 Locked 53-70 Parked 0.0 . X Baseline ] 18
4 Siatic Press. Cal (P) Diowmwind | Teeterad 3.4 Locked at 0 3.0 Ruotatimg 72.0 x X Baseline 4 14
5 Sweep Wind Speed (F.P) Upwind Rigid 0.0 Locked 2.0, 8.0 Rotating | 72.0 X Both | Baseline 11,19 43, 55
5 Shroud Wake Measure (P) | Dowmwind Rigid 3.4 Locked 61-74 Parked 0.0 X X Baseline 7 19
7 Shroud Operating (P) Downwind Rigid 34 Locked 3.0 Rotating | 72.0 A X Baseline T 20
8 Downwind Sonics (F,P) Upwind Rigid 0.0 Locked 3.0 Rotating | 72.0 X Baseline 17 53
g Saonic Walidation (P) Upwind Rigid 0.0 Locked 3.0 Ruotating 72.0 Baseline 17 53
(F} - Test conditions representative of field operation
(P} - Test condifions designed to explore specific fliow physics phenomena
-@m Cnawng Ne 5 TECWUC, MexxayHapoaHbin oopym, Mockea, 2014
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OnucaHve ucnbiTaHUM

MaTtpuua cepmin ncnblTaHui Bbia cocTaBneHa ang npoBeaeHust nccregoBaHnn B
2-X HanpasneHuax. OgHO HanpaBneHne CBA3aHO C MMUTaunen paboTbl yCTaHOBKM,
apyroe — co cbopom nHdbopmaunm ans naydeHnem crneumduyeckmnx ssneHnn. B

Tabnuue oHW HaHeceHbl ¢ nomeTkamu (F) n (P), cooTBETCTBEHHO

Table 1. Test Matrix Overview

Ordinal Test Sequence Upwimdi Rigidi Cone ¥ awr Slow Blade Parked/ | RPM Blade | Probe | Blade Day NASA Run
Number Downwind | Teetered | Angle Angle aw Tip Pitch | Rotating Press. | Press. Tip Number
(deg) (deg) Sweep (deg)
B Downwind Baseline (F) Downwind | Testered 34 Locked 3.0 Rotatimg 72.0 X X Baseline 1-4 11-14
C Downwind Low Pitch (F) Downiwind | Testerad 34 Locked 0.0 Rotatimg | 72.0 X X Baseline 14 11-14
D Downwind High Pitch (F) | Downwind | Testered 3.4 Locked 6.0 Rotating | 72.0 X X Baseline 1-4 11-14
E ' @w Releases (P) Diowmwind Rigid 3.4 Locked |/ Free 3.0 Rotating 72.0 s X Baseline 5 15, 16
F Downwind High Cone (F) | Downwind Rigid 18.0 Locked 3.0 Rotating | 72.0 X X Baseline 8 17
G Upwind Testered (F) Upwind | Testered 0.0 Locked 3.0 Rotating | 72.0 b X Basaline a0 34, 38
H Upwind Baseline (F) Upwind Rigid 0.0 Locked X 3.0 Rotating | 72.0 X X Baseline | 9.11.12,15 | 20, 4143, 50
1 Upwind Low Pitch (F) Upwind Rigid 0.0 Locked X 0.0 Rotating | 720 X X Baseline | 8.11.12 20, 4143
J Upwind High Pitch (F) Upwind Rigid 0.0 Locked X 6.0 Rotating | 72.0 X p.3 Baseline | 9,11.12 39, 41-43
k. Step ADA, Probes (P Upwind Rigid 0.0 Locked at 0 Step & ramp | Rotating 72.0 x b Baseline 15 50
L Step ADA, Parked (F) Upwind Rigid 0.0 Locked at 0 Step & ramp | Parked 0.0 X x Baseline 13 48
M Transition Ficed (P) Upwind Rigid 0.0 Locked X 3.0 Rotating | 72.0 X Baseline 16 52
M Sin AQA, Rotating (P) Upwind Rigid 0.0 Locked at 0 Sinusoidal Rotating 72.0 x X Baseline 14,15 49, 50
o Sin AQA, Parked (P) Upwind Rigid 0.0 Locked at 0 Sinusoidal Parked 0.0 x X Baseline 13 4447
P Wake Flow Vis. Upwind Upwind Rigid 0o Locked 3.0, 1210 Rotatimg | 72.0 Visualize 10,11 40, #1
P

(F} - Test conditions representative of field operation

(P} - Test condifions designed to explore specific fliow physics phenomena

Cnawnpg Ne 6

= " = m
= Uipwand, Mo Probes (F) Upwind Figid 0.0

1] Upwind, 4 deg Fitch [?J Upwind Rigid 0.0 Locked at 0 4.0 Rotating T2.0 X Bassline 16,18 52, 54

W Tig: Plate (F) Lpwind Rigid 0.0 Locked at 0 3.0 Rotating | 72.0 X Platg 13 54

W Extended Blade (F) Upwind Rigid 0.0 Locked at 0 3.0 Rotating | 72.0 X Extendad 13 54

X Elevated RPM (F) Upwind Rigid 0.0 Locked at 0 3.0 Rotating | 90.0 X Baseline 19 55

3 Tower Wake Measure (P} | Downwind Rigid 3.4 Locked 53-70 Parked 0.0 . X Baseline ] 18

4 Siatic Press. Cal (P) Diowmwind | Teeterad 3.4 Locked at 0 3.0 Ruotatimg 72.0 x X Baseline 4 14

5 Sweap Wind Speed (F.P) Upwind Rigid 0.0 Locked 3.0. 8.0 Rotating | 72.0 X Both | Baseline 11,19 43, 55

5 Shroud Wake Measure (P) | Dowmwind Rigid 3.4 Locked 61-74 Parked 0.0 X X Baseline 7 19

7 Shroud Operating (P) Diowmwind Rigid 34 Locked 3.0 Rotating | 720 X X Baseline 7 20

8 Downwind Sonics (F.P) Upwind Rigid 0.0 Locked 3.0 Rotating | 72.0 X Baseline 17 53

g Saonic Walidation (P) Upwind Rigid 0.0 Locked 3.0 Ruotating 72.0 Baseline 17 53

TECWUC, MexayHapoaHbin hopym, MockBa, 2014
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OnucaHue cepuMm UcnbiITaHUM S

ITa cepua NpoBegeHa Npu YCNOBUAX: HanpaBaeHUe — NPOTUB BeTpa, poTop bes
nokaunsaHuii n c 0° yrnom KoHycHoctu. CKopocTb BeTpa - oT 5 m/c go 25 m/c. Yron
pbicKaHusa - oT 0° go 180°. Yron yctaHOBKM npoduna Ha KoHue - 3°

Table C-18. Sequence S, Upwind, No Probes (F), 104 files of 30-second duration, 2 files of G-minute duration

Uw Yaw Angle
(m/s)] 0 20 45 | 60 | 75 | 80 | 135|180 |-135| -90 | .75 | -60 | -45 | -30 | -20 | -10 | -&

50 o1 [ 0 0 o Jolo|o[o0o]o0O
6.0 0.1
70|01 0
8.0 [ 0.1
9.0 | 0.1
100001 0
11.0] 0.1
12.0] 0.1
13.0[ 0.1
14.0] 0.1
150001 0
16.0[ 0.1
17.0] 0.1
18.0
19.0
20.0
21.0
22.0
23.0
24.0
25.0

File Wame Convention: SWWY Y Y YE where WW corresponds to the wind speed, Uw; YY Y'Y comresponds to the vaw angle (M030=30); R
comresponds to the repetifion digit. Each entry in the above table represents the repetiftion digit of the filename comresponding to that wind
speed and yaw angle. Two additional files represenfing G-minute duration, 360° yaw sweeps at 7 and 10 m/'s respectively are SOTYSUD0D

and S10YSU00.
g FIiii'Iﬂn‘l Cnang Ne 7 TECWUC, MexxayHapoaHbin oopym, Mockea, 2014
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JdKcnepumeHTanbHblie aaHHblie NREL

NREL Phase VI Rotor - (sequence, S)
1800

1600

1400

1200

1000

800

600

400

Low speed shaft Torque (N-m)

200 == NREL Experiment (Yaw angle=0 deg.)

o
o1
[EnY
o

15 20 25
Wind Speed (m/s)

1-Wind speed{mean}| 2-Torque({mean) |3—anque {Maximum}| 4-Torgue {Minimum) |5—S13nd.Dev. for Torgue | 6-5tand. Dev. for Wind Speed I 7- Turb intensity{3%) *Turbulent intensity is computed by
5.0385 293.0773 432.9061 1044457 51,4834 0,164 3.2569
7.0163 8012650 1044,7220 583.7277 714674 0.1181 1.6832 | Turb Intensity (1)=
9.0133 1374.5872 1571.9269 1131.9087 71.1623 0.0346 1.0496 u
10,0471 1341.1021 1543,4934 1034.6403 72,9943 0.0826 0.8221 | ==x100%
11,0338 1323.1683 1649,6383 1030.2153 87.6305 0.0781 0.7075 | U
13,0695 1308.6212 1523,1484 1054,5311 75.3614 0.0665 0.5083 .
15.0982 1172.0354 1510,9124 18,3629 94,7514 0.0617 0.4087 U= stadna. Dev. For Windspee
17,1147 1057.5577 1270,2898 734.6348 76.5153 0.0585 0.34924 U= mean value of Wind speed
20,1309 1109.5128 1339.0065 841.6244 74.8159 0.0533 0.2648
25.1088 1459.7145 1760,1257 1215,6735 §1.7530 0.0534 00,2127 | <p-S>Stand. Dev= Standard deviation

exayHapoaHbI hopym,
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UamepeHusa napamMeTpoB B UCNbITAHUAX

[ MiamepsitoTCs NoriHoe U cTaTudeckoe AaBneHue U TeMnepaTtypa Ha Bxode B Tpyby, nosnHoe u
cTaTudeckoe AaBreHue B 06nacTy UCMbITAHUIA, a 3aTEM PacCYMTLIBAOTCS NOMHOE AaBrieHue,
CKOPOCTb BeTpa, NIOTHOCTb U TemnepaTypy Bo3gyxa B KaXAoM UcnbiTaHUu (Hanpumep, ans
ceoun S05000000~S25000000)

ESP-32

Ouﬂet 5-Hole Probe
BC: Free outlet
—
- Frassurs Taps
— 1
-
= ~ _
~
~
8 . 4 Locations /

Wind turbine et
B.C.: wall - Floor

B Gill Port outside
Wind Tunnel
| [ [

Wind Tunnel ‘Wind Tunnel Wind Tunne!
Total tatic Barometric
Prassure. Pressure

To other Span stations

Side surface: BC: Symmetry

Pressure
_ 1

Uniformly flow inside wind tunnel is considerate in this case. As a result,
itisr ble to impose sy y B.C.(velocity slip condition) on side surface Wind Tunnel Contral Reom
of Wind tunnel

Figure 11. Wind tunnel and wind turbine pressure system diagram (not to scale)

I | 58-TestMo. | 9-RPM (mean) | 10-Velodty(mean) | 11- Turb intensity(%6) | 12-Air density (mean) | 13-Wind tunnel temp{mean) |14—‘|.I'l.|'ir1d Tunnel Total pressure(mean) |15— Wsmsity@ﬂ?.z?gﬁd
_1 505000000 71,6851 5.0385 3.2569 1.2435 37,2795 101945, 2734 1.9214e-5
_2 S07000000 71.8667 7.0163 1.6832 1.2458 37.2796 101464, 5781 1.9214e-5

3 | 509000000 72,0981 9.0133 1.0496 1.2457 37.2796 101985.4544 1.9214e-5
E 510000000 72,0962 10,0471 0.8221 1.2459 37,2795 101957.7109 1.9214e-5
_5 511000000 72,0933 11,0338 0.7075 1,2285 37.2796 101571,1953 1.9214e-5

6 | 513000000 72,0940 13.0695 0.5083 1,.2266 37.2796 101515.1328 1.9214e-5
E 515000000 72,0619 15,0982 0.4087 1.2240 37,2796 101505,5313 1.9214e-5
_B 517000000 72,0071 17.1147 0.3424 1.2230 37.2796 101464, 5781 1.9214e-5

9 | 520000000 72,0033 20,1309 0.2643 1.2214 37.2796 101451.7656 1.9214e-5
E 525000000 72,1522 25,1083 0,2127 1.2197 37,2796 101410.6454 1.9214e-5
E Stand, Dev. | <0.003 RPM =0,1m/s <=0,003 Kgfm~3 <<0,0271 C <260 Pa

MonspHbIi Bec cyxoro Bo3ayxar M = 0.0289644 kr/monb
*Descritpion: sSO5XXXXXX , S: test sequence , 05= wind speed, XXXXXXX is the definition for Yaw condition . All of the Yaw
angle equal to “0 “deg for present cases,
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NMonHopa3mMmepHasa reoMmeTpusa poropa ansa

MoaenupoBaHuNA

BupTyanbHasa KOHCTPYKLUA

BTYZ1IKU U TOHAOO0/bI Mpodunb S809

,‘x MO yctaHoBkM:3 deg.

t [1oTOK BO3yXxa

JlonacTtun potopa
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PacuetHaa obnacrtb (nonosmHa umnuHAapa)

3.29 R
R=5.029 m

BAVARNEM COCEAHMX YCTaHOBOK (3arpoMoXKaeHune CToeK U
BRaMOAENCTBUE CneaoB) npeHebperaem, a paccmatpmBaem
HONIBKO OOTEKaHMe 0AHOW YCTaHOBKM B COOTBETCTBUM C
SKCNEPUMEHTOM

3amMeHa NpAMOYrosibHON
aspognHamMmnyeckomn Tpyobl

LUNUHOPOM
zl2

[t(p)de

t av=" =3.29R
wl?2

[1nsa cpaBHEHUA:
t square av=3.35R
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C6opka nonoBmMHbLI poTopa

Ve 1CHO

Ha nnockoctun CMMMETPUN
BblAENAETCA KaK
oTaeribHad NnoBepxHOCTb
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NocTaHoOBKa 3agaum:
YypaBHEHMA U aonyleHusn

 YpaBHeHusa HaBbe-CToKca ANA Te4eHNN HEeCXUMaeMoro Bo3ayxa;

« k-£ AKN mopenb TypOyrneHTHOCTM AN HU3KUX Yyncen PenHonbAca

(Abe, K., Kondoh, T., Nagano, Y. (1995)), Ha Bxoae 3apgaemM masnoe
3Ha4YeHne BUXPEeBOUN BA3KOCTH,

« CTeHKun potopa agunabatmnyeckue (nonactb U roHaona);

« Bcsa pacuyeTHasa obnactb BpaujaeTcsi BMECTe C POTOPOM;

 BbicokonpousBoauTenbHble NapannesfibHble BbIYUCIIeHUs Ha
ocHoBe MPI| TexHonorum

g FII"IIHI“I Cnanpg Ne 13 TECWUC, MexxayHapoaHbin oopym, Mockea, 2014
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paHUYHbIE YCNOBUSA

@ Bxoa:
- N — HanpaeneHne CKOpoCTuU

- PV —0OHOPOAOHbLIW NOTOK Maccehl

- P -NAOTHOCTb, W -BA3KOCTb

- Tu,L —MHTEHCUBHOCTb, MacLUuTab
TYpOyneHTHOCTH

Bbixona;:
- p=const —cTtaTtn4yeckoe gaBrneHmne
- nok/or=0, nde/ar=0

- Vn=0 (n-normal)
- nok/dr=0, nde/or=0

lNMnockocTb cummeTpum:
- BpawatenbHasa nepnognyHocTb

(p1=¢2)

@ BokoBasi NOBEpPXHOCTb:
npocKanb3biBaHue

UOISIAMOLS &

@ JlonacTb poTtopa 1 roHaona: CTeHKa:
- Ycnosust npununaHms (NpUcTeHoYHble yHKLUN)

- ycnoBsuAa and K 1 &€ and npmucteHOYHbIX C*)yHKLI,I/IIZ
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MNocTpoeHMue ceTKM: HaAYanbHaa ceTkKka

B ob6wem, noctpoeHne ceTkn COCTOUT U3 ABYX LUAroB:
LLiar 1 — nocTpoeHne Ha4yarnbLHOM CeTKU (B npenpoueccope);
LLar 2 — panbHenwee namesrib4eHme ceTkn (B npouecce BbIYUCIIEHUN)

--—- Y
e T T N

MapameTpel caTkM [NapamMeTpel §330B0H NHHWK

Paebowepro [ [3 Beramm | 5275588 i | | Kaopa ) [1555938 o [25 Unanie
h_max w25 khmax [2 N ke [0 JJJ [z khe
h_mir] {0073 dmin |00 TpHrEHTE: Nk [0 32 Nhe GoEe |

H g

{AMD}

w5 Nadesdistsibutionialong Z-axis wu 1w s

uols

HavanbHasa cetka reHepumpyertcd BCTPOEHHbIM
CETKONOCTpOUTEINeEM
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MNocTpoeHMme ceTKU: ganbHeuwee
n3menbyeHue

HanbHenwee u3MenbyeHue (‘apganTauusa CeTKW’):
« ApanTtauusi Ha rpaHNYHbIX NOBEPXHOCTAX

OcobGeHHOCTU npouecca npu aganTauuu:
- ABTOMaTU4eckoe namernbyeHue (ynpaeneHme ogHMMN napameTpamm);
- MNamenb4yeHne MoxeT ObITb BbINOMHEHO MOLLIAroBo (MOCTENEHHO) B NPOLECCe BblYMCIEHNN
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KauecTBO ceTKkM: pe3ynbTartbl HA ceTKax €
Pa3fMIUYHbLIM KOJIMYECTBOM fiueeK Ha YPOBHAX

CeyeHue ceTkn: ypoBeHb: 1 -2 -3
a4yenku : 14-10-5

|

InockocTb cevyeHus
(63% of Rmax)

IIIIIIJ{IIIIIIIIII

CeyeHue ceTkn: ypoBeHb: 1 -2 -3
AYEeUKn : 7-7-5

Pasnunune B YPOBHAX Bpallarowero MOMeHTa Ha 3TUX CETKax Mpu Vin=13m/c coctaBun
AMz=3%. B panbHenwmnx pacyeTax Oblna ucnonb3oBaHa CeTKa C MEHbLLLUUM YMUCIOM S4eeK
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KavecTtBO ceTkm: sHaueHumna Y+

Y+
180

160
140
120
100
80
60
40
20
0

Y+ av

)4

rd

==Y+ av

Vin [m/s]

0 10 20 30

CTOpHa | COpOa Pa3mep ceTku: CpeaHune 3Ha4yeHnAa Y+ Ha nonacTtm
paspexeHus gasnenus  1.2-1.4(10)"6 adeek
Y+ Ha noBepxHoCcTu potopa npu Vin=13 M/c

(npucTeHouYHble hbyHKUMK: npubnmkeHmne FlowVision )
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Pe3ynbTrartbli:
AVMHaAMMKa JIMHUM OTpbIiBa Ha CNUHKe

JITnHna OTpbiBa NoCTeneHHoO cMellaeTCHA BBepX no noToKy C yBesfimnieHnNem
CKOpOCTH HaOeraroLiero NOoToka
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CtopoHa
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paspexeHnst

Vin: 5 7 9 10 11 13 15 17 20  25[m/s]
PacnpegeneHne HanpsiXeHUs coBUra Ha CTOPOHe pa3peXxeHus
(MaKCMMyM orpaHuyeH 1, YToObl BblAENUTb IMHUIO OTPLIBA)
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Pe3ynbrarbi: AMHaAMMUKA NIMHUM
TOPMOXEeHMUSA NOoToOKa Ha KopbiTue

INTnHna TOPMOXEeHUNA CcMeLllaeTcsa BCcreacTteBue yBerimndeHuUsA yrria atakum

CtopoHa
AaBreHns

Vin: 7 13 25 [m/s]
PacnpepneneHue HanpsiXkeHUA caBura Ha CTOpPOHe AaBrieHUsA
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PesaynbTtaTtbl: BOSHUKHOBEHUe M
pa3BUTUE OTPLIBHOIO Ny3bipA Ha CNUMHKe
C YBerniMmyeHueM CKOpoCTMU BeTpa

MrHoBeHHbIe pacnpeneneHnsi OoTHOCUTENbHOM CKOPOCTU B MIIOCKOCTU ce4eHust nonacTtu (63%Rmax)

‘ J
MnockocTb ceyeHns
(63% of Rmax)

-

- IR EEwRVVORERE 0 yEEIETIR TEE e T R T T Ay ey e e
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BB Pesynbratbi: Ko3dUUMEHT AaBNneHus B

5 ceueHmax nonactv gna Vin=7m/c,13 m/c

r/R=0.30 r/IR=0.47 r/IR=0.63 r/R=0.80 (/R=0.95
5 3.5 2 1.5
-Cp 3 4Cp 25 -Cp -Cp -Cp —-Cp_FV
4 2 1.5
29 . 1y m| -Cp_EXP
3 Cp: 2(P-Pin) 5 15 L \
pWin"2 & . 05
2 1o N 05
0.5 ] 05
0 0 - % 0 ( o5\ 0.5
-0.5 0l5 » -0.5 | ' 7 m/s
' 1
* 1 1 -1
x/Chord X
-2 X -1.5 X/¢hord 15 x/Chord 15 x/Chord 15 x/Chord
5
7
° -Cp ; -Cp 5 -Cp A *-Cp -Cp_FV(t2)
: . S 5 m -Cp_EXP
’ 4 4 3 ===|-Cp_FV(t1)
|
2 3 2 5
| ] > ) .
' — = N | t1,t2 —diff.
1 1 .
0 ?ﬁL == 0 Py instants
05 1 0 ; 0 os 1
1 1 05 .1 P/ 1 X/n 5 _ 1 - 13 m/s
) x/Chord Chor or
P x/Chard 2 x/Chord 15 or -

[ bonbluue oTKNOHeHUA B Cp ANA HWKHEN YacTu NonaTku MOXHO NpUNMcaTb rpybocTu ceTku Ans 3TOW YacTu fionaTku
B pacueTtax ¢ Vin=13 m/c gnsa oTpbIBHbIX 30H HabnrogaeTcs HeCTaLMOHAPHOCTbL NOTOKAa

nanp Ne

, MexxayHapogHbIn hopym,

OCKBa,
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HecTtaumoHapHOCTb OTPbIBHbIX 30H
(B pacueTax)

MrHoBeHHbIe pacnpegeneHnss OTHOCUTENbLHOW CKOPOCTM B NI1oCKoCcTN 63% oT Rmax B
pasnnyHble MOMEHTbI BpEMEHMU
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ConocraBneHe MOMEHTOB BpalueHMA
CWUIn, AEeUCTBYIOLWMUX HA pOTOp

— 1500 - ."' 4
E _
S ]
S i
s 1000
[04] i —o—Experiment
e - —e—FV: Grid-3
E 500 ] —a—FV: Grid-4
v T - FV: Grid-4+
E _
o -
E O | | | | | | | | | | | |

0 10 20 30

CkopocTb BeTpa (Mm/c)

[1 B uenom peaynbsraTbl Ha ceTke ¢ 3 ypOBHAMM aganTtaumm yaoBneTBOPUTENBHO CreaytoT 3KCNEPUMEHTY
(Amax=18%)

[ PesynbraTtbl Ha ceTKe C 4 ypOBHAMU afjanTtaLmm fyylle onucbiBatoT 3KCNepuMeEHT Anst 6e30TPpbIBHbIX
pexnmoB (5m/s — 9 m/s)

1 Wcnonb3oBaHue FlowVision Ha ceTkax ¢ Y+<100 (4 ypoBHA aganTaumm) asisi MOTOKOB C NPOTSKEHHbIM
OTPbIBOM BEAET K pe3ynbratam, 3Ha4UTENbHO OTNIMYaOLWLMMCS OT SKCnepuMeHTa (MpeanonoXnTerbHO n3-
3a orpaHu4yeHn metoaa NPUCTEHOYHbIMU DYHKLMAMM + CrioXkKHast pr3nka B MOrpaHnUYHbIX CIIOAX

Cnanpg Ne 24 TECWUC, MexxayHapoaHbin oopym, Mockea, 2014
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FlowVision B cpaBHeHUM C nporpammamm,
ucnonb3osaHHbiMM NREL B cnenom tectupoBaHum

Aeroelastic Codes
3500

3000

2500

2000

1500

1000 1

Low-Speed shaft Torque (Nm)

MomeHT Ha Basly, NPpoTUB NOTOKa,

500

'
| 0 s . \f’—ﬂi‘"’” , , yron pbickaHusa 0°
5 10 15 20 25
Wind Speed (m/s)
4000 CFD Codes :ﬂ: = FlOWV|S|0n
2 4 - JkcnepumeHT
T ™ Apyrvue cumBonbl — AaHHbIe,
B 0 cobpaHHble NREL ana cnenoro
=
2 2000 TecTupoBaHusa CFD-koaoB
B 1500 =N
o P =
@ 1000 /-— ﬁ§t téi:
g /‘/@_ T h%:______:_,_ 43‘:#;_%..—-9
- o I —
500 e
p—
0

5 i'I] 1I5 2iu 2Is
Wind Speed (m/s)

, MexxayHapogHbIn chopym, MockBa,
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Opyrue BoamoxxHoctu FlowVision 3.09
ANA pelleHua 3agauv

TexHonornsa ckonb3ALWwmnxX NoBepxHocTen TexHonornsa NpunoBepxHOCTHbIX ceTok (OBL)

< |

A
« BbibupaeTcs  ocecMMMETpUYHas  mog- «  CTpOWTCS JONOMHWUTENbHAs NPUNOBEPXHOCTHAS ceTka
0bnacte ¢ poTOpoM BHYTPK «  [Insi ABYX pa3HbIX CETOK ypaBHEHUS peLLatoTCs
«  Togo6nacTb 1 poTop BPALLAIOTCS BMECTE OTAENbHO
«  OcTanbHas 4acTb 06nacTu HENoABMXHA «  paHWyYHble YCNIOBUS AN BHELLHeR YacTn OBL-ceTk

GepyTcs U3 peLleHns Ha OCHOBHOW CETKe

[PaHW4HbIE YCITOBUA HE MEHSAIOTCA
* Ha cTeHke mexagy obnactsiMm ¢ pasnmnyHoOm CETKON
ocyulecTBnsieTcs obmeH(BennumHal NOTOK BENTUYUHDI )

TexHonorua no3Bongder paccynTbiBaTb
Te4eHnA C HEHYyNeBbIM YIrI1OM PbICKaHUA
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CeopgHble pe3ynbTaTthl

1600

1400
s 1200
I i
= 1000 } eriment
=~ 300 Grid-3
@ |~
S 00 :|Grid-4
- ] |Grid-4+
5 400 1/Grid-3+0BL
g 200 i Sliding Surf
E _

O | | | | | | | | | | | |
0 10 20 30

CkopocTb BeTpa (Mm/c)

TexHonornm OBL-CeTOK 1 CKOMb3SALLNX NOBEPXHOCTEW BOCMPOMU3BOOAAT
N3MEPEHMNA C TaKOW Xe TOYHOCTLIO, YTO U 6a3oBbIN MeToA. [103TOMY OHM TakxKe
MOIYT NPUMEHATLCS NN peweHnsa nogobHoro poaa 3agad

| 11 naug Ne 27 >WC, MexxayHapoaHbIi oopym, MockBa, 2014
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3aknoumMTenbHbIe 3aMmevyaHumsAa

1 PeweHa 3afaya O TeYEHUU B BETPOIHEPreTUYECKON YCTaHOBKE C UCMOJSIb3OBaHUEM
nporpammHoro komnrnekca FlowVision 3.09. NonyyeHo yaoBneTBopuTenbHoe ANA
WH)XXeHEepPHOMN NPaKTUKN coBrnageHue pacyeTHbIX U 3KCNEePUMEHTAsbHbIX AAaHHbIX.

[l MokasaHo, 4yto FlowVision 3.09 aBnsietca 3h¢pPeKTUBHLIM MHCTPYMEHTOM AnS
aHanusa paboTbl BeTpPO3HepreTUYeCKUX yctaHoBOK. PacyeT oaHoOro BapuaHTa Ha
ceTtke ¢ 1.4 MNnH. fiYeeK 3aHUMaeT oOKono 1-2 cyToK (cdu3nuyeckoe Bpems) Ha
nepcoHanbHOM KOMMbIOTEpPe C OAHUM 4-X AAepHbIM NPOLEeCcCOopoM C¢ 4yacTtoTtou 3.6
Ty n Tpedyet 5.3 'b onepatnBHon namatn. OnepaTMBHOCTb MporpaMmmbl genaet
pacyeTbl 4OCTYNHLIMU B NMpoLecce NPOeKTUPOBaHNSA YCTaHOBOK.

o Onsa nony4vyeHnsa yaoBlieTBOPUTESIbHOIoO pelweHunA 3aaayu Heo6xoAMMoO, 4YTOObLI
pacydeTHasdA CeTKa yaoBJieTBOpPAsia 2-M yCIliOBUAM:

(1) BOCNponsBegeHue pacnpeneneHns AaBrieHUA OOJMKHO ObITb 4OCTAaTOYHO
XOpPOLNM;

(2) cpepHee 3HayeHue Y+ _av Ha filonacTu poTopa AO/MKHO ObITb OrpaHU4YeHo
npeaenamum Y+ =80-200 (Y+ =100-200 — gns oTpbIBHbIX PEXUMOB)

_@m Cnanpg Ne 28 TECWUC, MexxayHapoaHbin oopym, Mockea, 2014
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CNACMBO 3A BHUMAHME




