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Numerical Analysis on Aerodynamic Characteristics
of Wells Turbine for Wave Power Generation

Hyun-Sik Lee

Department of Mecharnical Engineering

Graduate School, Korea Maritime University

Abstract

The objective of this paper 1s to adopt numerical
model of a Wells turbine using the CFD code, and to
evaluate the ability of the code to correctly predict the
flow characteristics of air through the device.

A number of models were used to investigate the
CFD codes ability to predict airflow over 2-D
symmetrical airfoils, similar to those used on the Wells
turbine. Predictions of local pressure coefficients are
found to be In excellent agreement with experimental
data.

A 3-D model of the Wells turbine was also adopted.



The model was wused at four sets of boundary
conditions. The results from each case showed that the
CFD code could produce good quantitative predictions of
the flow through a Wells turbine.

In the calculations, the tip clearance ratio has been
varied between 0% (no gap) and 6% of blade span. It is
shown that the numerical method 1s satisfactory to
predict the effect of tip clearance on the performance of
the turbine.

The good performance is found from 0% to 0.5% of
double flap because the turbine 1s operated in the

oscillating airflow produced with wave energy.
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Nomenclature

A : Arealm®]
Cy : Tangential Force Coefficient
Cy : Turbulence Modelling Constant
D : Drag Force[ V]

Force[ V]

Diffusion Flux

L : Lift Force

St : Solidity

\Y% ; Volumel[m’]

W(r) ; Relative Velocity[m/s]

W : Power[ V]

cl : Axial velocity[m/s]

e Strain

h Enthalpy

k Kinetic Energy of Turbulence

—

Chord Length[m]
n : Number of Blades
P, Po : Pressure, Total Pressure

r ; Radius[m]



Cartesian Velocity Components
Cartesian Directions

Angle of Attack

Dissipation Rate

Von Karmans Constant

Flow Paramater

Viscosity

Density

Angular Velocity

Local Co-ordinate Directions

_Vi_



HMis M 2

1.1 A4

stttk AA AU A] AR 2 1950 o] FH-E 9 39%% &

7

ol

1 S7Feke] 19909 el = 1950 AH|EFe] 47vj=2 =3%loH
o FolA SMUAY A FAF FFHAG o] A
o@AE AR AAUWA T AAND FAS FAL ATF
bowEeR B & gk AAY FATE AA 67090 =A
9 17%4 F7hsta gov, dAY FEEaE 409 FolE
o F71% Ao AWHT. AF, oA 717 Ggol @
AE R, ARG E Aol % dUA Aok 4t A% F
obAT BT oY@ ATF/hS AVEAT FYsto] o
FooluA 5o o FAE T & 9L Ao AzA

Holdren(1990)2> 21AM71e dolx o] A AA ol HA I8 7Fo]



a1, 21009 ol =
4% 7

!

!
°F 30 TW/Yearol

T
a

SR

o]
o Sstal vk aHRrE AAAHCEZY Sl orE

Aol 2uf

o
huiy

&

-

|

2060

[e)

T H T W W ® e P T o T
SOy " M o N = = - T
i -
| dl N L= o B do
W g oF A ™ T X %o = T
= % T o @ ‘_w °© T
Lt =y o ﬂe B3 it i) NI ~
) == —_— — ~ =
oM ooy TRTTOKR
q x5 R o o D
o~ Xowm o ow © R = W =
==
R B IR
) Wﬁ ‘m‘l_ﬂ B A%k N I W e T < O
o T X T CIRNERY.
! o
4o o 2 o T M_m_ N
o) —_ ,WE ﬂwo Ml — = 0 ~ EO i
Noo— W oo S T LoD
X0 m © o B o o 50 =
E IR G Lo = 9 A\edg™ = "
PR e \ | ) e
T et G e
= O I 4 =
= N o oo ey e W
o o o ~ el = . 0° jh .
LS N W= Mo % m \* oy
) _ — =%
e A O R P
Y W E m CC U Y ey Mo M
T T T | ® W
e o2 2 @ . -
o - = i
5 TR TN Lo %M E
= ol MmN of = 2o o|
N F Ow M A BTk
o B W E T K X OF T OB

o

=

9l o]

-
a-

=,
17F A7h = of

P2

<t

AL 17993 Al 2}
A

o] &1+l
ol &

CESS

FARE 7

ALZE 1918 9o g A

ol oA ol | A = A ¢

o]



:i ‘_mﬁ
Enﬁ \mﬂ 01# gmo ﬂ
R ‘_I_,_Al N B.f .L.E -~
= X = o SN ﬂ o g
JL' ﬂ m ,‘% — Py X ﬂJ © Y
mﬂA,ewa@#s%w o b
—_ = o~ X ~
4 T ™ T om R A 2 0 e 5 = 2y W 2 G
a_l ‘_In_ﬂ %Q O_ ﬂ\wl mln_ul_.nﬂ. ‘/|.\ EO JwAl O 4 — D.rl a_l XO i it
N =5 N oo B > - KAy w3 e G
o w v o,_A 'y " ~ m < Gl w H i = ) "
Hoom ol > T ® = ° T T o = B )| = =
= ) <L = T B X _~ I~ N = @ X
of X X X o= o K R X el XO m RO
oy q_ L Gy — < 2 L sgszes ) ha = R
—_— X = N e © ™ FaA I A_l - i A UWW ,ﬂl
o mr U el o - g T Gl o A o = B
& s X 5 R A ™2y £\ _ RN R
SIS R = o < 5 E
— op X E NEE H TH B w To
o’ g Ko - I ST =
N o o Sy il gl X woR
X N o e f y o B o B ] 0
A e N < = < = XT G
Emﬁfﬁu b i A 2 T 5
= i T = ey r E W w
oy i ‘I.F,ﬂ Gl = H_I ~ 6N i _E.E
~ Cy o b —~ B, e . Jriy X
N o X by e On = 2 o BT
zmmaﬁgﬂu%mmﬂﬂ%ﬂ MWO_EG%%EW
1 ﬂﬁl . ~ (Y v — ) ox = T
- LM o e = o e s A S o O iy
) = o o N I T = =
T o R o s o o= g RETE so = A o
T S S Y "o A > o v T
m — Sl 0 Ow_ um [ 1m_| X O —x
B X 5> o = X o UG Gl o W ° =
I oF ﬂlﬁ_uL o o) B =~ N () = 0 o O 0
| N _ o2 " J T o8 = m ~ o T
o X A o 5 T & 3 X T M 0y
oE N g T o= = = il - o % X
= %o 7 3w S < Gl b o0 ~ X o = -
o H M ) = = W ® 5 o o o W T = T
T O G ~ Mo w of
O o= T
T " /.m\ B Wy ,_M,_A s o i
'K of K [~ N
CENCN oy R
= =

=

=

1%]/15% =d¢2
=S 300~500 kKW



o] 7]E& ol g3t Mi=

L&
=9 500
3 Q) AA, =499
HAx3s7] Y3 Hors ‘/l\‘l%]ol'-]——’— »A‘qﬂ

3 = &) ::]'7(‘] (I wulti—-resonance
22 A (% F AL E) T 7] B8 2] o
kW«] Q‘T o =



h=h

=
=] 4

Foll A

°

sl

AN PEw AR

ool weh mE ulRel

74

A A =s A 2EF99 {52

°

bol chep
Ao o

°

‘?4

o

=

=

==

W gkel o

"o

el
o
=

ag

) A

[¢]

o:

A
pu

J

SERSY

Z]
S

AFZ rol A ol 7ja) o] &

]
S

—_
o

JJo

4 - oz Foju7)

9|

Al O
1=

e 2.

B

B
=
el
;00

Ho

lol ZHE

[¢)

o] &

fan-shaped®} rectangular

=

Az o] AH§ 3

R

CFD

El
« [6] o

[¢)

T

« [5] o

« [2,3,4]
[¢]

[¢)

s et.

)

7FA] &
19964 J. K. Watterson

1984\ M. Suzuki
1998\ A. Thakker

blade



=
ofy
=
>
Z.
=
@)
>
o
S
to
fo
Z.
>
@)
=
o
2
a1
lo,
iV
=
il
=
ox
o
fu
:10
of
i

F 0.05, 0.1, 0.15, 0.2¢14 9] H®W FE5A He= d53t
AT},

19979 J. K. Watterson 57¢ #3814 & o459 I}
670191 A=EH ZHe NACA00122F NACAQ00150] A t}eFsh
g ZF2loJH 2 (tip clearance)o] et 7] SUHAA Y Eg 2~
(tip clearance vortex)fr& dA4 HAHlY TS vt ez

ATt ST

19984 S. Raghunathan 5%& %] o] €l (Solidity) 9] 3 gl
A ATst ek FAA Al AFE-SE EETEH = 0.32¢9 0.48,
064019, o]z F & UE 03204 Rt £ 888 HAF
1 Yt dFHES LES AT

19999 )i — Z=Ple SIMPLE @iu#Z3 solBy=

—

(Hybrid) =3 < AF&35ke] B8 d4<= 7k A= =Y

99 #EE4S 4 AFsh viwsdr,



o] ATsue 9

3} 7]

=8

B 5 7] A A o

ol

p==

[¢)

<71

71, &=

W
1
or

+
ﬂyl

o
<0

)

TH

[==o)

)

—_
file)

%]

~X

E

.
file)

ﬂJﬂO

ol
Jo

jze]

o

-

—

N]
iy

=

=

}o] Parametric study

Al

[¢)

o

ZAE

=
3]—31

o)
=k

]_

~

CFD(Computational Fluid Dynamics)
2
)

i
7]

To-

]_

LS

A -5 &}

AAH ol H &

s

g 9

S|
=

718 Hl

Ho

X

2
T
ﬂ



H2Z NACA0012 2ddel M4t

4
g 327 5 gtd, sud SR g BAHE AFFF
o FeuEt BEES WAATA e FA ol o FA
=t o= AR FAYE Fejolm wEe vt Aoy
. Fig. 219149 Zo] 3E7F OWCe| £ A =W, OWC
Wrel 9 Sebzka ool el Sa A e ofbeel A
A2 eehEA HuE AvA Ha, olhe FolE e A
A3t FAo gz A Hulel A HA Ak aeln
W2 shEsh OWCEHE urbd Hd 7% t7] FolA
OWCH¥ 2 Eolor Hx od= §7% i AvA Ay
el AsE AE 5

d BulozRy FrHow ouiAg FE3E Aol b



Oscillating
air-flow
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Fig. 2.1 Oscillating water column
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Fig. 2.2 Vortices over Wells turbine blade
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Fig. 2.5 Experimental apparatus of dynamic forces
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Table 3.1 Computational conditions

Item Conditions
Airfoil section NACAO0015
Number of planes 1
Number of blades N 8
Tip clearance 0% 1% 2% 4% 6%
Solidity 0.79 | 079 | 079 | 0.79 | 0.79
Hub to tip ratio [0.6667|0.668910.6711|0.6757|0.6803
Tip Diameter 0.3m {0.299m |0.298m|0.296m |0.294m

Reynolds Number

3,000,000

Axial Velocity

Case (a)=2.68 m/s
Case (b)=4.29 m/s
Case (¢)=5.86 m/s
Case (d)=8.60 m/s
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Fig. 3.1 Schematic of Wells turbine
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Fig. 3.2 Blades of Wells turbine rotor
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Fig. 3.3 Periodically repeated Wells turbine geometry
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Fig. 3.5 Surface grid distribution on prototype model
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Fig. 3.6 Grid distribution on blade surface
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Table 3.2 Boundary Conditions

Conditions Case(a) | Case(b) | Case(c) | Case(d)
) 0.421 0.674 0.917 1.351
Axial Flow Rate g 3 3 3
m°/s m°/s m’/s m°/s
Corresponding
, , 2.68 m/s | 429 m/s | 5.86 m/s | 86 m/s
Axial Velocity
) 2000 2000 2000 2000
Angular Velocity
RPM RPM RPM RPM
Outlet Static
0 Pa
Pressure
Inlet Turbulence
) 3% 3% 3% 3 %
Intensity
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Fig. 3.9 Velocity vectors flowing over suction side

(Tip clearance=2%)

_50_



10o0.0
BR.9
TT.8
66.T
55.6
44.4
33.3
22.2
1.1

.0
o s5-1]

(a) Flow rate

($=0.421)

(b) Flow rate ($=0.674)

T, 0
BE.9
7T.8
6.7
55.6
A4
33.3
2.2
1.1

0.0
fm a®-1]

®

REERRRRTIRLAi

(c) Flow rate ($=0.917)

(d) Flow rate (®=1.351)

Fig. 3.10 Velocity vectors flowing over suction side

(Tip clearance=4%)

_51_



Bre BrS
(B2 ;2-”
(a) Flow rate ($=0.421) (b) Flow rate ($=0.674)
— Le
77.8 h-av
i o
. re
22.2 2.2
-~ Y
o s™-1] [m a™-1]
(c) Flow rate ($=0.917) (d) Flow rate ($=1.351)

Fig. 3.11 Velocity vectors flowing over suction side

(Tip clearance=6%)

_52_




Iﬂln;u i]

(a) Flow rate ($=0.421) (b) Flow rate ($=0.674)
Imn;o i]

(c) Flow rate ($=0.917) (d) Flow rate ($=1.351)

Fig. 3.12 Streamlines flowing over suction side
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(a) Flow rate ($=0.421) (b) Flow rate ($=0.674)

(c) Flow rate ($=0.917) (d) Flow rate ($=1.351)

Fig. 3.13 Streamlines flowing over suction side

(Tip clearance=1%)
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(a) Flow rate ($=0.421) (b) Flow rate ($=0.674)

(c) Flow rate ($=0.917) (d) Flow rate ($=1.351)

Fig. 3.14 Streamlines flowing over suction side

(Tip clearance=2%)
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Fig. 3.16 Streamlines flowing over suction side
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Fig. 3.17 Static pressure distributions on suction side

(Tip clearance=0%)
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Fig. 3.18 Static pressure distributions on suction side

(Tip clearance=1%)
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Fig. 3.19 Static pressure distributions on suction side

(Tip clearance=2%)
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(a) Flow rate ($=0.421)

Fig. 3.22(a) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=0%)
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(b) Flow rate ($=0.674)

Fig. 3.22(b) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=0%)
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(c) Flow rate ($=0.917)

Fig. 3.22(c) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=0%)
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(d) Flow rate ($=1.351)

Fig. 3.22(d) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=0%)
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(a) Flow rate ($=0.421)

Fig. 3.23(a) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=1%)
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(b) Flow rate ($=0.674)

Fig. 3.23(b) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=1%)
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(c) Flow rate ($=0.917)

Fig. 3.23(c) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=1%)
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(d) Flow rate ($=1.351)

Fig. 3.23(d) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=1%)
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(a) Flow rate ($=0.421)

Fig. 3.24(a) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=2%)

_71_



(b) Flow rate ($=0.674)

Fig. 3.24(b) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=2%)
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(c) Flow rate ($=0.917)

Fig. 3.24(c) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=2%)
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(a) Flow rate ($=1.351)

Fig. 3.24(d) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=2%)
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(a) Flow rate ($=0.421)

Fig. 3.25(a) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=4%)
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(b) Flow rate ($=0.674)

Fig. 3.25(b) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=4%)
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(c) Flow rate ($=0.917)

Fig. 3.25(c) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=4%)
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(d) Flow rate ($=1.351)

Fig. 3.25(d) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=4%)
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(a) Flow rate ($=0.421)

Fig. 3.26(a) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=6%)
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(a) Flow rate ($=0.674)

Fig. 3.26(b) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=6%)
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(c) Flow rate ($=0.917)

Fig. 3.26(c) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=6%)
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(d) Flow rate ($=1.351)

Fig. 3.26(d) Velocity vectors and x-direction velocity

projected onto a mid-chord (tip clearance=6%)
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Nom-Dimensional Pressure Drop(P*)

Fig. 3.27 Comparison of experimental and numerical pressure

n/ ny (%)

Fig. 3.28 Variation of efficiency with tip clearance ratio
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Fig. 3.29 Variation of torque coefficient with tip clearance ratio
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Table 3.3 Computational conditions

Item Conditions
Airfoil section NACAO0015
Number of planes 1
Number of blades N 8
Solidity 0.72
Hub to tip ratio 0.706
Tip clearance 2mm
Chord 73.5mm
Tip Diameter 304.4mm
Hub diameter 215mm
Length of double flap| 0.0% | 0.5% | 1.0% | 1.5% | 2.0%
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Fig. 3.30 Shape of double flap
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Fig. 3.31 Velocity vectors flowing over suction side
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Fig. 3.32 Streamlines flowing over suction side
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Fig. 3.33 Static pressure distributions on suction side
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Fig. 3.34 (a) Velocity vectors and pressure projected onto
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Fig. 3.34 (c¢) Velocity vectors and pressure projected onto

a mid-chord

_96_



velocity
100

pressure

(d) Double flap length (2.0%)
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