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Investigation of hydrodynamic characteristics around parallel-arranged
horizontal-axis tidal stream turbines
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(1. College of Harbor, Coastal and Offshore Engineering, Hohai University, Nanjing 210098 , China;
2. Zhejiang Institute of Hydraulics and Estuary, Hangzhou 310020, China)

Abstract: A three-dimensional (3D) hydrodynamic model was developed based on FLOW-3D. The influences of
the lateral spacing and relative installation elevation of the turbines and incoming velocity on the hydrodynamics
around two parallel-arranged horizontal-axis tidal stream turbines were investigated. Numerical results show that an
increase of the lateral spacing between two turbines leads to a decrease of the maximum fluid force acting on the
turbines in the flow direction, with a maximum decrease of 6. 62% , and a decrease of the maximum velocity in the
accelerating region of the wake field, with a maximum decrease of 1.21% . The changes of relative installation
elevation of turbines and incoming velocity have significant impacts on the rotating speed of turbines, maximum

fluid force acting on turbines, and the velocity distribution within the wake field.

Key words: tidal stream energy; tidal stream turbine; lateral spacing; relative installation height; incoming
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BRI KA LI R L M SR W BN . MeAdam %55 5047 1 R 0 /K RS A6 , F 9 /K T
PO K FEHL R I TSR L KOS (R, BS54 SR L Sk S S s A A
TR AT TEA IR Ih T A ) R80T B G KT gl RE K S L R RSN . AE 2 G /KL T, /MG
AR T R K B LRI S A R0 7K 2l R B Gh T IR X K S L E A S I L. Mycek
S UV SRS T 2 AR A E KOS  RE K S B R AR D0 T KA LA R i B 5 K
FEMLPERERT R I R LA, O 5 B SR ML A R AT X b, 25 R R, 5 R K R L2 2156 — S kB AL
(R ., Divett 55 F Stallard 55§58 1 /INEOK LS (K97 Jo) , e B0 —HE /K S ML 280 BEAE 45—
HEKEFEHL N i 5D A& (D K EEHL A EAR) , A LK S LIl 3 2 i fE .

] DL, AR AWTSE T B 8 2 5 S A B R KFEHLR 2 50K 1R (R X T 2 5 IR A R
I SCAR A 7Kl U RE K S HILEL , R s K 8 T P v AN WA o AR SCHE T FLOW-3D B 4FF 5l or = 4
KB IR BEFE 2 G =M Kl R R K R ML HEAT BRI AL 00, 70 #r 2 kA HLI A 1) (8]
B R 22 3 i JBE (/K SR ML 22 20 g B 5 K TR ) AL ) AR JAE 38 B S JHL R 1 K gl J e iy s LA

1 #HF&EE

FF FLOW-3D R {4F- 5 g SRR, 43,3 7K 3l )BT GMO ( general moving object) iR, R FA
BR 2% 431K Ak N-S( Navier-Stokes ) Jy R 2 , 25 HCR H B B3 sy i X 22 7312, R BTE 25 [ bR FHARTE M)
B K AL IR 8 %
1.1 Jkzhhigsk

K B 7 R e 4 1 AR N-S 5 R4, 35T VOF (volume of fluid) AR 7 7 ' BRI H i i, R
LES(large eddy simulation) J5 AR 2R sh iz . RS e N

Vi %g + (%C(PUA.V) + (%/<P”A)) + %(PWAZ) = Ryp + Ryop (1)
AV, RRA% B0 N S 5 0 F B IR IR BT 7 A% KNI ) B p—— T A R 5 R 5 i—— P ]
Rye—Z2 34 B0 s Ryop—— I IR s w0 wo——x \y oz 7 0] YR BE 43 5 A, A A ——x y .z J7 ] _E iR
Jr 5 AR A 3 B o
AFRZR b3 AN T [ B Sl e TR

du Lgoqodw 4 du ouy__ 1 op R
o + VF(qu ox + A ay + wA, az) = o + G, +f, oV, (u -u, —8u,) (2)

w, Lo a awy__1dp R,
P +VF(qu a%+1)Ay 8y+WAz az)_ . ay+G" +f, pVF(U v, — Ov,) (3)

w1 ow aw owy_ _1dp _Reow
y + VF(uA* ox + A ay + wA, az) = o o + G, +f. o, (w -—w, —dw,) (4)
K66, .6.——x .y 2 T E I EE 5 f, f, oy 2 T R 5w, v, \w, X\ ¥z 7
Iv) %) J5T 8 A B RS s u, v, w, %y N2 7 ) P JOE o 105 % T I AR XS o e U ) 38 Bl 5 8 J YR B s

TR AEARR I 6 = 1, R BURLJFON RS T 7 280, ORI 0 T it aod i f5 DA R o 1) 2R i ORI 3
VAR T, AN SR A T ol 0 A Do P B
1.2 GMO #&r

GMO FEBRE B )™ 2 1 5K 3K 7 12 20 Wy 1A 19 7t 151 R 45 [R) A, L A% 0 /& FAVOR (fractional area/volume
obstacle representation) J5 3%, TR K S HLIOTEAR K/ T AL 032 B4R 25 LA RS UK SE HL 5 7K 37
JAERIA AR 8 FLOW = 3D fhEETF FAVOR J7 ik Y BIE T FR AN

ai(pm £V - (pud) =8, (5)
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PLEL B 7K T30 B B AT — 7 1 A /K R AEE 26 /Ni Fd o, PRI 22286 B FE I O m (15 m 20 m, AT XS 22
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Fig.1 Layout of turbines Fig.2 Sketch of mesh block division
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KB o 5 1 SRR . 2 SKEEHLRY F F1 1 SR PE R AE B A SE 2 A R (O A0 PR SRR
) AN HAACRUAARTR (3R 1) o BN, 2 SoREeHL F, RS i 1] B A3 KA s iy, A 2D 1]
3D, FEWE N 2. 78%  F, A 6] [ B AR AR K , A AU BE 35 6. 14% , F, 526 1w [A] HE A RE MR AR /1N , 28 A Wi 2 A
2.85% , XL S 1 SRR HLE— 2. ik, F3CRLT SR 6
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Table 1 Maximum fluid force in each direction under different lateral spacings with incoming velocity of 3.7 m/s N

Wi F, F, F,
[] i/ m 1B 22 1= 25 15 25

2D 1.43 x 10° 1.45 x 10° -6.97 x 10* -7.49 x 10* 3.60 x 10° 3.51 x 10°
2.5D 1.41 x 108 1.43 x 10° -7.38 x 10* -7.03 x 10* 3.71 x 10° 3.61 x 10°

3D 1.40 x 10° 1.41 x 10° -7.54 x 10* -7.39 x 10* 3.64 x 10° 3.60 x 10°

TG, WS AR D FE T R )[R B X R A il 4% ) e KK AR 1 A SR A 3 (R 5 ) o K R X6 42 2
FEEBE R 0.5 R/ 2.6 m/s 3.7 m/s 4.8 m/s F ] 0] FE 43 518 2D 2. 5D 3D T4, W5 K
AL WK ) 1R
2.1 X RIREEEM NG

TERRHEE 2.6 m/s 550 F, 762D .2.5D 3D [A]FE, 1 Sk o 23528 1. 132 rad/s 1. 130 rad/s
1. 129 rad/s . A5 /K FATUAE ] (R BE 3G, 0 113 BRGSO 080/0N , B [ [R] B DA 2D 3§ 103 3D, /K AEHL o (/N T
0.96% . 7E 2.6 m/s KB T, IKECHLAT o 3248 1] (8] BE AR A B 52 M A 2 25, B oK e AL 3 32 B2 32 K
PIFEBIVE A, FE ) — 288 R B ORI FE AR, ALK A ALY o JLSF AN 3248 0] ] BE A 52 e R ARE b, ok 7 3
FER 3.7 m/s F14.8 m/s PRI EE R EK I KEEHLT o 248 0] 8] BE AR AL B 52 AN I 25
2.2 XEEBEAKRIERANNEID B £2 KEEEH2.6m/s i

MK ESHLAE ] W] FE & A AR AR, KSR LI R 52 3 EEEEETE RS AKRIERN
W F AN, SR HEE N 2.6 m/s B , IKESHLI Table 2 Maximum fluid force in each direction under
P 02 KR F N 2 B, KEHL F I 2 different lateral spacings with incoming velocity of 2.6 m/ ;
T[] B ) 18 K T /S, B R AN A 1. 48% , TR R FE AN [

AR ] [ BE T 7K A8 BILAE X6 22 26 e B2 S AH ] 1), >R it
S FLU S RGE , R SR e A PP TR0 R0t 3 1
JsF, RN B B AR RgOk (fideon oy 0 TR T
615 Y B GO TR 4 LB Ty F A (Rl —— — ——
10% , 328 i PR 1] [R] BE AN [ EF 2 15 7K S AIL IR A B T i st — 4, KRR Sl B A —4F 3L F, A2
B F, AU, AR AL 2. 03% , 1T Z J5 1a) /KA E R 1 B2 7 07 K Ae HLE & A IR, 52 5
HTE T FEAR—HE . TR R 3.7 m/s f14.8 m/s AT, X KEEHLM B 45 1m) 32 14T 1Tk 5e , ARk
AL 52, 6 m/ s A1 T AL LA — 3,
2.3 XKRBYLERRES R
AR T 2 GtHokmpa R

TR, AR Stallard 251 (95, AKASHLONMIEIBE R 12}
K] D, IR A B4 50 2D 2.5D F3D T (1

THOUT WK LS T7 5D AL R R L. X

il B/ F, F, F

—20D0 —25D ——3.0D

0.8 L

WIS BORAT 225 R 0 0.5 1E, X 7 MM S0 0 0 0 0 0 10 20 30 40 50
R EE Y FUAB (TE e ANME) L TRTC R Ao Vim
K4 Kl 2.6 m/s 5 FAKEEHLE T 5D 4 3 FhiEfE EIBETE 2.6 m/s SRREE T
SRR . BEFIIRE) 2D 1,2 £ K BL KEEHLR T SD SRR I
Fig.4 Distribution of wake flow velocity at 5D behind
AN DX 98 BE DA 25 m, N B R AR 1. 237 5 4 i ] i turbine with three lateral spacings and

SH2. 5D, R X8k e B o33 m, A e R M 1.225; incoming velocity of 2.6 m/s
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B[] 3D W, g DR TERE S 41 m, A FRoR (BN 1,222 PIG KA HLIEIAR H BE 7K IR B 42, Bl 1
i) I PO A, o DX IR S B8 9 K, AHL N R R AEL S WS AR 1. 219% SR DN DA K e ML AR (9 A7 7, 3o D BT
TET TR AR DR/ , S 50003 ) B 1 AR, e A 1 1] P 494 DA, s P B AL R B LA A AT A s A T
FURAERIEANW /N , DRIk D 5 BE 2 AR, (EUR N e R8N o [RIRESE , FESR AT RES. 7 m/s
4.8 m/s BIZRAET WK EEHLE T3 5D Ab B R IR F AEATHEIT , B 2. 6 m/s ST I RUHEREA — 20

[RIEE, WFE 128 AR 22 o L A i [ XS 7 S8 HIL QOB A T 45 1) e KOK A 0 A R K B ML Ui
S TAT PR S5 BRAE AN TR A X0 2225 o JEE TR ) L A 2 A 1] B B AR 52D o 5 R R 22 288 1o B 16 1) 1]
0T 5 ) fpe R AT FH T3 IR, 5 25 AT EE T~ A 1 [8] 08 5% 1) e RO WAV T (9 S i S A AR B 4541
Xt LR, AN RV i (] X 7K FE AL T 16 e U 3 7 Wi 5 % A 7 3 2T A6 1) [ B 068 2 3t 70 114 2 i 1L A
HAl o

3 KEEHLAERTRIE S BRI RSN 8 b

MR 2D B KPR A E R TR B N S KRR 7 TR E ARG O o
W, DA ] () BE 2D SRy 8], i — 25 K S ATURE X 3 18 B X /K AR MLZEL 7K 30 0 Pk s i B o BE oK A HLAH
X2 v 43 B E R 0.3.0.5.0. 67 R E 3.7 m/s, LA 1 -SoKAHL 1A T 5347 o
3.1 XRiREER R

TEARRIAERT LA B BE T B KR AL = FE VG N, o AAH D 3E N, ZE /K S MUAH X 48 2 755 BE 43071 0.3
0.5.0.67 B}, /KEHL 0 23514 1.21 rad/s 1. 61 rad/s 1.78 rad/s, X5 M [7) 20 f B VI G, KEEHLIT
B IR , /K B3I, K AR L2 B R R I M B K T

. o = 32 I e .
3.2 MEAEAKRIERH KN £3 TEENREEETARNES EOARIER
22 3 MORIAIAE T 4 2 iy B T KA MLAE XY Z T Table 3 Fluid force acting on turbine in each direction
Wl R IKGAVE 1o Bl 2655 5 B R JIKEEHLAZ with different relative installation elevations N
F o BRI . AR 2 v B O, F I IA . st F, F, F.
L AR X R 0.3 ~ 0. 67, s KK AR ) 0.30 8.46 x 10°  —7.32 x10°  3.53 x 10°
HEm 106. 86% , 1% 2 Hh TR EE L B H KT, 7K 3 0.50 143 x10°  -6.97 x10*  3.60 x 10°

R, K S HLZ IR RAE R T 2 R F, 5 Y 0.67 175 x 105 —7.37 x10°  3.64 x 10°
i 877 ) AR TR 332 Hy TR B BIL Bt P e B FR) AN X AR 1
M RS, R B AR X 2225 o B2 SR T/, B IR 12. 7% 5 F R AR WLE, BRI K B ML Z 5 1) 32 7K I
YRR 2R T, BTk o8 4 B i K e MLAPE AT fif 2225 i B 9 7 0 R/IN L2 AR TR 1y (HUAH X 22
1 L A3 T S BOKEE BT R4 T AR ] PAY PR RTEE S, DRI 32 e BB X2 256 vy JEE A 389 o = 24

/N

3.3 xbakERALRE A F H 89 75 0m —— AR 0.30
77 B [BF N /. P 0 r\—-;,airx\ !
NI 9 L7222 e K A LR W 4 1 it el i

WAAR K, DRI A 1) DD 2D ORI 3.7 m/s 0

T 43 BB K B HLAR X 28 R B HE N 0.3.,0.5 1(2) _’W

M 0.67, 7 HrKEALG J7 SD Ak i it it 3 71 1T, b NN
WE S FoR , FEA R 238w BT 2 G /K HLIE =50 —40 =30 -20 10 0 10 20 30 40 50
BB T KBS . AR = B 0.3 .0.5 Y/m

HI0.67 I A JKAEIHy 1.232.1.256 .1.293 B s s i THKEHUE S SD AR RIERE
AR BRI, A B (B AH N 3, B 0E Fig.5 Distribution of wake flow velocity at

5% , R E K # AL AT 2EECE B 2 fe 5D behind turbine with different relative installation heights

4 SRFIE B B 5N

QIR ATIR B ] A 2D BE T ASFG O, 5 LU ] [ 2D Ay 5], JE— 25 B3] o0 i 7 B X K #8 ML /K 3h
SRR . KR E A R E R2.6 m/s 3.7 m/s 4.8 m/s, KA HLAIRT e B E R 0.5, FF A 1 Bk
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WA BIHEAT 5307 -
4.1 X ¢iRFEIERA R

KPRIEFE R 2.6 m/s 3.7 m/s F14.8 m/s B , XN KL w 43514 1. 13 rad/s (1. 61 rad/s 2. 13 rad/s,
T 2.6 m/s HEKF] 4.8 m/s, FKEFEHL w BGI T 88.50% , A WA Itk B A i A X K BB ML o0 A7 S 38 52
4.2 MHEFRKKFIERDBHZIE

R gk JE . B ] 25 AL (K B B S F R4 TESRTEERUABIEEKRIERN

Table 4 Fluid force acting on turbine with

N4 Pron. R HEEX K2 N FAEERY different incoming velocities N
Wa, A AR AR X J5 1) F Y D Tn) o B R A R R S 1 1 ‘
KEEHEZ F, WG, R TSI 2.6 m/s HIF] (s " “ "
4.8 m/s,WilgEik 235.58% , 1 TR EEUH X §l 2.6 7.42 x10°  -3.60 x 10*  3.45 x 10°

N1 50 I E g 8 I A T ) 1 T O o 3.7 .43 x10°  -6.97 x10*  3.60 x 10°
BRI F, 5 Y B s e A0 TR, ke it 30 B8 34, 52 4.8 2.49 x10°  —1.42x10°  3.64 x 10°

J1 8 F R, S A 325, 15% , i TR A BE I
K FELIE 1K R S5k, 2R, WU, A8 Z J5 1), Bl R 0 B2 38, 32 A7 — 7 i 110
I ARG B/ BRI R K AR B Z 05 1) 52 K AR 0 B 32 AL R o3 T 0, 3 O B O A A T 7 AR

) P B 475 N
M AR b SR B /N o —— RS 2.6 m/s
4.3 XKEALRTIAIE & H 820 —— R K 3.7 ms
Y N7 77 0H: By N —%{ﬁiﬁ&‘"?ﬂ 4.8 m/s
TERE ] [ BE 2D 1, 27K S HLAR NS 222 v i Oy L4
0.5 W, 735l B8 R i H N 2. 6 m/s 3.7 m/s -
4.8 m/s, W5 /KEHLEJ7 SD ARG . 1 ~
6 Bz, TEANRIR I 34 BE T, 1 5 K A AL 1] 24 Lor
BT K R AR 2. 6 L
3.7 m/s Fl 4.8 m/s I}, 55 Vi 5 T6 5 4RAR 0 1y -50 -40 -30 20 -10 0 10 20 30 40 50
1.237.1.256 1. 283, [ 35 K Ui 1 K, A Foe K AE Y/m
R 6 FREKRFEE THIKBHET 5D LHERTESHE
Fig. 6 Distribution of wake flow velocity at 5D behind
5 gﬁ ig turbine with different incoming velocities

K FLOW-3D gt ar = 4E/K 3 S-SRy, BB A 2 6 I HEAR B A 7 Bl i BE K S HLAL Y K
SN IR, WFFERE 1] (ET K e AL R 22 5% g JRE A U 38 B X /K B BIL Vs e T e KR A P 1 6 e 7 o
o] I PR R

a. o SR [RIHERLAL/N s F, BEARE  [R] 38 KOA — € 98/, F, SR ] RS AR 52 B ke
AL BE T A IS, R T A S5 A AR 1o [V 8 P 8 R T o 0/ )N

b. K HLA RS 2225 5 BEIE N, A AR LAY R FL A B s F, E RN F, 2 BRI L I/,
TE =PRI 2 R B T, PG 7K FE LI AR /K SRt B B G, A Bz 50

. ORPIE BERG R, K A L RO B A W 3N, F, F, SR B2 GOKRRPLE A A R R E B EEZ
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