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A Study on the Flow Characteristics of a Direct
Drive Turbine for Wave Energy Conversion Analysis
Using Commercial CFD Code

Young-Jin CHO

Department of Mechanical Engineering

Graduate School of Korea Maritime University

Abstract

Clean and renewable energy technologies using ocean energy
give us non-polluting alternatives to fossil fuel and
nuclear—fueled power plants to meet establishment of
countermeasures against global warming and growing demand
for energy. Among the ocean energy resources, wave power
takes a growing interest because of its enormous amount of
potential energy in the world. Therefore, various types of wave
power system to capture the energy of ocean waves have been
developed. The effect of wave is very important and are among
the factors for pivotal point that causes effect directly on
turbine for wave power generation.

In this research, CFD is used to examine the reciprocating

flow of wave tank application before experimentation is done in



an actual wave tank to analyze the effect of these wave. As a
result, CFD could be applied to the flowing examination before

going through reciprocating flow in an actual wave tank.

There are three purposes of the paper:

The first purpose of this study is to investigate the
reciprocating flow of the wave tank, which is embodied by a
commercial CFD analysis with various water level in the water
tank to investigate the effect of the water level on the fluid
flow in the water tank.

The second purpose is to investigate the performance of a
direct drive turbine using a commercial CFD code and compare
the results with the experiments.

The final purpose is to investigate the performance and
internal flow characteristics of a Savonius type direct drive
turbine under a real sea wave conditions using a commercial
CFD code. Optimum turbine location was also determined using
vector analysis.

There was about 5% pressure error between CFD analysis
and the experimental results. Experimentally 3% expected force
was put through manual performance tests and was compared
with CFD analysis. Results showed average power obtained
through experiment is 20.77W and CFD is 19.19W.

The average power for 3 blade savonius rotor and 5 blade
savonius rotor was 7.21kW and 10.33kW respectively. The
turbine efficiency obtained for 3 blade savonius rotor was

14.8% and 5 blade savonius rotor had an efficiency of 21.46%.

_|v_



Nomenclature

o0 s o

N 0D B X

. area
: width of nozzle, runner and runner chamber
: coefficient dependent upon the nozzle
: pressure coefficient (=2(p—p,.,)/pgH)
: diameter of runner
: water level
. effective head

: wave hight

: wave length

: unit rotational speed (=nd/ vH )

g NS g

PTave :
PWave:

Pref

nr

: unit rotational speed at the B.E.P.
: rotational speed
. output power

: static pressure

turbine power

wave power

. reference static pressure at draft tube outlet
: volume flow rate
: absolute velocity
: fluid velocity

. efficiency

. turbine efficiency

[ m’]
[ m ]
[ -]
[ -]
[ m ]
[ m ]
[ m ]
[ m ]
[ m ]
[m'?/s]
[m'?/s]
[s ']
[ W]
[Pa]
[ W]
[ W]
[Pa]
[m®/s]
[m/s]
[m/s]
[ -]
[ -]



1*

0 : normalized peripheral blade position at Stage 1
6> : normalized peripheral blade position at Stage 2
p : density of working fluid

o : angular velocity

Subscripts

0 : optimum value

11 : inlet of runner Stage 1

12 : outlet of runner Stage 1

21 : inlet of runner Stage 2

22 : outlet of runner Stage 2

r : radial component of velocity

0 : tangential component of velocity

_V|_

[ -]
[ -]
[kg/m’]
[s™']
[ -]
[ -]
[ -]
[ -]
[ - ]
[ -]
[ -]
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Table 1.1 OECD-Regional CO2 emission from fuel combustion

* CO2ti & 2Z(2005H) [od2 o0 o8 CO2u &2 SH2]
NO =7t SHiEZ(C02) WA A & T A /337 Eh
World 27136.36 12307.2 5184 6337 3308.06
1 United States 5816.96 2743.6 635.98 1813.3 624.04
2 People's Republic of China 5059.87 2669.4 1592.61 332.11 465.75
3 Russia 1543.76 933.89 221.85 205.97 182.04
4 Japan 1214.19 512.89 268.15 249.22 183.92
5 India 1147.46 694.8 243.36 97.49 111.82
6 Germany 813.48 363.7 118.48 158.54 172.76
7 Canada 548.59 191.23  90.91 160.23 106.21
8 United Kingdom 529.89 232.83 63.5 129.11 104.45
9 ltaly 454.00 160.92 84.15 119.11 89.82
10 Korea 448.91 199.63 93.8 86.86 68.62
11 Islamic Republic of Iran 407.08 108.14 76.44 100.31 122.21
12 Mexico 389.42 166.5 58.53 130.78 33.61
13 France 388.38 71.95 78.18 134.46 103.78]
14 Australia 376.78 236.19 42.39 79.67 18.54
15 Spain 341.75 129.3 64.51 110.68 37.26
16 Indonesia 340.98 135.14 93.3 73.89 38.65
17 South Africa 330.34 210.51 51.23 42.88 25.72
18 Brazil 329.28 58.61 99.47 137.09 34.11
19 Saudi Arabia 319.68 171.98 71.44 7252 3.74
20 Ukraine 296.82 126.55 90.59 30.73 48.96
21 Poland 295.81 172.24  37.81 34.92 50.83)
22 Chinese Taipei 261.28 152.05 61.47 36.46 11.31
23 Turkey 218.93 81.07 57.08 37.89 42.91
24 Thailand 214.29 91.62 51.95 55.88 14.83
25 Netherlands 182.95 71.93 40.34 34.64 36.04
26 Kazakhstan 154.74 85.21 34.76 3.79 30.98
27 Egypt 147.60 61.56  37.41 31.59 17.03
28 Venezuela 142.31 55.18 36.52 43.4 7.21
29 Argentina 140.94 43.92 23.68 41.03 32.31
30 Malaysia 138.04 59 .11 35.16 39.2 4.57

Table 1.2 Comparison of unit price of renewable energy to oil

X 3.0 7.0
il 5.0 10,0
s 4.0 8.0

3.0
12.0
9.0

25
10,0
5.0

20,0
40,0
26.0

(Eo): ¢ /W)
7.0 29 5.0
9.0 80 10.0
80 6.0 7.0



2012 =

M aEle=s @ gMes
2= MEEE Sl -‘HIEA Elfj-'i'-%
O HX= AFAH2 BHEZE B 0| X = A FAHS BHxg &

Cle
.

SHzte] AHES

®uMes ® HARARE
Q=0 B FHES STHEO| AR AT 9| 25
oL o] B3 M) 2S5 0] ki 0l 3|7k Al 2 Sol|Af
JIEENEE ol L{A| ==
(a) TS24 o

74

5ol 28t SIlEY 52| et RS Y EY ¢UH0| 2+ SHF
.ﬂ;‘éé’& L:';q-rg—qrs:' it WA S R E2RE S
(b) BS+TE (c) +&tHE
BRSH H5
; ngq.}
AR AR5
} *’N’ ,ﬂ o
SZUEEA
APAN
~AHES A Zote) Hustd X 4E vES0| 1A A0l EHH setup 2
24 0|23 Bulg 2d ERFE 0|25t 4 52
(d) ¥t (e) set—up

Fig. 1.2 Examples of wave energy conversion devices



1-2 =i-9] 738

Fig. 1.3< A AAA d5olyux9 x5 ek

AuAE AdHonts HuAS, HePF, o

30~90kW/m, dEZ& A 10~15 kW/mY IF#Hod=7} ).

eUxI ol F AAHOE AANUA ol g s o] FobAE 7}
o @, wm=go] B9 f3d ARS FHow ATt Bl
A Aawe] FerT @A Ao 20040 F7be)A
gejolui e AT e W Zedes Fdsa o, 1 e
Fo@ BEuAANAL Table 1301 Jepln vk e 4
oo Wit folvat AAA W 2 ol AAHow
~2.0m AEelm, %3719 A9 6.0sec olFe] A A i
oz WA MEZ An FHUAL 9% A Y se] B
e 46sec Aotk ole @ U] £AS AHA ke
o ddok SGME OWCE Aol AFH Aoz delA 9l
ou}, =uelAe] SeldAs BAd ALY oA W AEH el
o710] o} 71% AAZE ¢Fo] Mol BEF Ho| B,
iAol ol gol #@ AAH Aol o]Fojm A E@ A

ot}

O

<
3

o,

=

}

sy



Fig. 1.3 Wave energy available in the world

Table 1.3 Investigation of ocean wave energy for various countries
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(a) Turbine

(b) Casing

Fig. 3.1 Basic calculation model design for the direct drive

turbine
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(b) Casing

Fig. 3.2 Meshing details of the direct drive turbine
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Fig. 3.3 Boundary conditions of the cross flow turbine
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Table. 3.1 Various flow rate conditions for calculation

CASEA-1 | CASEA-2 | CASEA-3 | CASEA-4 | CASEA-5 | CASEA-6 | CASEA-7 | CASEA-8 | CASEA-9
INLET 8500Pa 8500Pa 8500Pa 8500Pa 8500Pa 8500Pa 8500Pa 8500Pa 8500Pa
QUTLET 79.8 114 148.2 182.4 228 242.2 256.5 285 342
R m /) 0.009656 0.013794 0.017933 0.022072 0.027589 0.029314 0.031038 0.034487 0.041384
Turbine 35rpm=m 35rpm=m 351pm=m 35rpm=m 35rpm=m 35rpm=m 35rpm=m 35rpm*m 35rpm*m
RPM 102 102 102 102 102 102 102 102 102
Table. 3.2 Various turbine rpm for calculation
CASEA-1 CASEA-2 CASEA-3 CASEA-4 CASEA-5 CASEA-G CASEA-T
INLET 8500Pa 8500Pa 8500Pa 8500Pa 8500Pa 8500Pa 8500Pa
OUTLET 228 228 228 228 228 228 228
b3 0.027583487 | 0.027589487 | 0.027589487 | 0.027589487 | 0.027589487 | 0.027589487 | 0.027589487
Turbine 25rpm 30rpm 35rpm 37.5mpm A0rpm 45rpm 50rpm
RPM 73.17098776 87.8052 102.4393829 | 109.7564816 | 117.0735804 131.707778 146.342
Table. 3.3 Various head pressure for calculation
GASEA—1 (CASEA-2 CASEA-3 CASEA-4 CASEA-5
INLET 5000Pa 8500Pa 10000Pa 15000Pa 20000Pa
QUTLET 228 228 228 228 228
e 0.027583487 0.027589487 0.0275838487 0.027589487 0.0275838487
Turbine 37 .5rpm 37.5rpm 37.7rpm 37.8rpm 37 .9rpm
RPN 108. 7664816 108, 7664816 108.7564816 108. 7664816 109.75648186

_19_




3-1-3 23 & 1&

ol
-

Fig. 3.4, Fig. 3.5, Fig. 3.6< 3AFHHYIY {58 AAlst
7] 918t 7t Case®] =711 Hua&4
RHola Qth HHl Aol duF-o Hul ySd & <7F TASHS
o, fFo] WM3lsho] uwhel EHl U Fof A =
AA7F Wshghs gl uphebaA] kel ut
9] ¢}o] Aol Hule] Aol IS A v|E
7l mel efe] He7F Srkske] Aleded
o} o]32 2t U YAl B2 FEES o Ak AE
nx]an i) bele] Wl A= 0.5meol 1 2.0714] A
ToM= 2 IS K] SeveE AE g0l & S
Fig. 3.7, Fig. 3.8, Fig. 3.9+ Z}
Case?l =714 Hx a& d, 278 s}, e #4

o
= = 1
& ATAMEE 29 E97HA Edlol=E fE - ddll wE H£2d

BN
. =
310_{, L% _Y‘E, mg HJE
e do U ok
(SRR ’
- N
S
) S
o e Lo
to
o o, oo
4 = ox T b m
&

d
-
i
ol

_l |
-
=2
-
)
rlo
o2
oot
b xo

s -Wl
o
_[_L4
o
_OL
;O
o
=
Ao

W Fee zZd ¢ vk AFEHEE Fig. 3.10004 Hol= Hiet
2ol =59 =75 AWA HyEYel=Y F2E5 Tt ITEol #
AsA ®rt o] 99S Stage lolgtx 3taz, EJW9] Stage 13 Y
Wiel S5 Sdstel vA Hy Edel=E ffRER SFo] FYHE
F = Stage 28k g} 3 SFo] [ B9 HYWY FAT
¢ frE77F v Aol Stage 13 29| YA = M= apH A H
olxlg el E#lol=¢t =] Al A weks Edol=

Sl
= goo] WatEn. AFENIY 7| EFH e e HiFsl
tiste] Edlol=9] fJA|e weha] BAE= FHol| tigte] Fig. 113
2o ANARE EME} 2y Edloj=o] AaiAQl Xl wpebA it
AEe 8 A 58 HollAe dA =88 100%= & 49
Hel 7+ 9Jx|old= Stage 1914 11.9%, Stage 2914 76.4%,

Region 1914118.3% =1g8]3. Region 204 -6.6%2 &< 7tz}
—_ 20 —_



BAZ1A EH.

70%% Stage 1°l
Stage29l A A ©t. 28y & < F-of A

ok
=

T
T

A @3 e ok30%

Hola

Avs

= A8 fe

A

&+

ol

, 2 A

Ho e oA

5]

=
a-=

&3}

=
=

o ¥y

U7 Hof 471 miEel

ol

N

of

5
=

5ol

5

S
=

ol

o #& 7t

, Region 204 E &do] &

iRd

o

4

-
T

T E oA HLo|
h. Fig. 3.12

T
T

[e)
T

K

:Il

o]
H

%9 po} Bl &

ghol wheba
FH

Hola 9t} HdGF7F St

0

¢
oV

ol
;OD

7}

g Aor F

T
-

)

A
) #QL
oF

T Abole] st

=
=

%

72 Hi a8

¥

95} v}

B

Atk 1

—_
o

ol

3

K
Ho
Z.o

~

T

_2‘]_



3.132 Stage 13204 2zt %E}]O]E W dEHEEE UEa e
o, Z} Edlo]=9] dAdA FA7A e 9 StEs Htste] W
stel sl dE e webq YEdth Stage 1A= FEFWstel 3d
SrWste] Xl wepa Edol= FW o] AAHom FIhet
S & 5 At ol Ay BYol=Y F&5F7t mE Edy
Aol SV 1 dRlo® duhEnh B, gEEEY oY Wy £
A Apol o] HAWA LS ERle] o AHHQl FFS WAA HEE
FrFol durer 2 Afod & =9 Uede A & F Uk
Stage 2914 % Stage 1 o419} w7 IA 2 F&Fo] 71 4= UE
Ayp GebwAatel o] wzlo] Hlgsle] FUHES & g o I|HAEE

H o]

H

o WA 2 WEHE melA o]s thEi wlAF o]y
i S ¢ g vk Fig. 3.14v AT FZF(NNeep) @ 3115
(@) NH Stage 17429] Y Belo|= 2 FUTANAH HHYY
2w SE0E vehn ok agelA 1,0l ol B4 11
Stage 191 97 whehla, obehHA 212 Stage 29 ATE et
Wtk Tela %0 o es Stage 139429 Y BEol= fx 3
A FUAAE ek fFe wgel teA Py Belo=g
et 55 WANE F57 ndgoR Nage FAT 5 9

o
t}. 53] Stage 29 WA £x W= F33 AL

i

A ey Beels k FRAM 2 Aol molm ek %, AP
o £Esb ZAHEel mebd $EANUAL Frkekel HuE Batehi
S5l of@ 20| FrkelA B ofv @k,

_22_



Qy=114m¥min - m Q=228m3min - m
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Fig. 3.4 Velocity

characteristics at different flow rates

N,=25.0 rpm/m N,;=37.5 rpmim N;7=50.0 rpm/m

Fig. 3.6 Velocity characteristics at different head pressure
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Qy=114m3fmin - m Q1=228m3fmin - m Qy=342m3fmin - m

Fig. 3.7 Streamline characteristics at different flow rates

N,7=25.0 rpmim N,;=37.5 rpmim N,1=50.0 rpm/m

Fig. 3.9 Streamline characteristics at different head pressure
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Fig. 3.10 Streamline characteristics at different head pressure]
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Fig. 3.11 Output power analysis for Case
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Fig. 3.12 Performance characteristic curves of cross—flow
turbine : by the (a) variation of flow rate and (b) variation of

rotational speed
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Fig. 3.13 Averaged pressure distributions on the surface around the

blade by inlet flow rates : at (a, b) Stage 1 and (c, d) Stage 2
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Fig. 3.14 Velocity distributions at the inlet of (a, b)Stage 1 and
(c, d) Stage 2 with the variation
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Fig. 3.17 Basic

T

calculation design for type A

L: 15.0m
" H: 20nm
A: 10nm
3 Rl
Fig. 3.18 Basic calculation design for type B
Table 3.4 Composition of size
Wave Tank Plate
L [m] 2.25 C [m] 0.02
W [m] 0.10 D [m] 0.06
H [m] 0.20 E [m] 0.02
A [m] 0.50 T [m] 0.01
B [m] 1.49
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Fig. 3.19 Meshing details for type A

Fig. 3.20 Meshing details for type B
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Reciprocating
movement

Fig. 3.21 Boundary condition for type A

Fig. 3.22 Boundary condition for type B

Table 3.5 Calculation case of Type A

%9
0.100m CASE 1
0.125m CASE 2
0.150m CASE 3
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Fig. 3.25 Wave hight for 10 seconds in each case

Fig. 3.27 Pressure of Case 3
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Fig. 3.28 Volume of fraction of Case 3 in Type A

(See animation 1)

3.29 Velocity distribution of Type A (See animation 2)
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35m

600

Fig. 4.1 Schematic of the direct drive turbine modelling and
wave tank respectively
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(a)

(b)

Fig. 4.2 Experimental setup of the wave tank (a) and CFD

modelling of the wave tank (b)

(a) (b)

Fig. 4.3 Experimental setup of direct drive turbine chamber and

CFD modelling of direct drive turbine chamber (b)
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(@)

(b)

Fig. 4.4 Mesh geometry of the wave power generation system
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Fig.4.5 Experimental setup of the wave generator

(See animation 5)
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Plate

Water and air surface

eciprocating
movement

(a)

(b)

Casel Case?2 Case3 Case4d

Fig.4.7 Plane view of Calculation domain for wave tank and

turbine model
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Table 4.1 Calculation case of Test A

and Test B

Test A W S/ Turbine
CFD Im 7° With out runner
Experiment 1m 7° With runner
Test B W S/ Turbine
Case 1 2m 0° With out runner
Case 2 2m 15° With out runner
Case 3 2m 30° With out runner
Case 4 2m 45° With out runner
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Fig.4.8 Performance analysis locations in the wave power

generation system
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Fig.4.9 Wave characteristics at point 1
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Fig.4.13 Analysis point and operating mechanism of a direct

drive turbine model for wave power converter

_59_



25

0.05- 0.10
0.04 { 0.08 -

)

[ ] —

E 003 {E 0.06 -

4 E:
002 0.04 -
0014 0.02-
0.00 1 0.00 -

Fig.4.14 Comparison of the experimental and CFD results.

mmw Exp
mmm CFD

AH

Qa ve

P

ave

0.051 0.10
0.04 | 0.08 -
o 0.03 4 0.06 -
E E
9 T
o 0.02 1< 0.04 -
0.01{ 0.02-
0.00 ' 0.00 -

Fig.4.15 Comparison by front guide nozzle angle.

e Case 1
N Case 2
— Case 3

AH

Qa ve

P

ave

30

P ave [w]



PIV MEASUREMENT
Valosity

_61_



PIV MEASUREMENT

(d) 1.2s

PIV MEASUREMENT
Velocity Veetor

(e) 1.6s

Fig.4.15 Comparison of the PIV and CFD analysis of vectors at

0.4 second intervals . (See animation 6, 7)
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Fig.4.16 Volume of fraction and velocity vector in wave power

generation. (See animation 8)

Water at 25 C Velocity
0,30

.25
0.20
015
0.1
.05
0.00

[m s*-1]

s.000  (m}
1

3.7%4
\i‘f_jagifr at 25 C Velocity X

0.37
0.23

.10

1 —0.03

| =0.17

=030
[m s*=1]

1] I 00 E. 000 {m)
i 1

Fig.4.17 Volume of fraction and x axis velocity distribution in

wave power generation. (See animation 9)
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Fig. 5.2 2D modelling of driving principle of the savonius rotor
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Fig. 5.3 The diagram of curtain wall type breakwater which includes

wave energy converting system (bird's—eye—-view).

Fig. 5.4 The diagram of curtain wall type breakwater which includes

wave energy converting system (side—view).
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(a) Case 1

(b) Case 2
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(c) Case 3

Fig. 5.5 Three modelling cases for wave power generation system

Case 2 Case 3

Fig. 5.6 Savonius rotor blade model for the 2 CFD case.
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Total Node: 3149142

(a) Case 1

Total Node: 2042490

(b) Case 2
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Fig. 5.7 Meshing for the three case wave power generation system
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Fig. 5.8 Boundary conditions for the CFD analysis (Case 1, 2 and 3)
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(b) 0.8s
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(f) 4.0s

(h) 5.6s

Fig. 5.9 Comparison of CFD analysis of vectors at 0.8 second intervals .

(See animation 10)



Table 5.1 Performance analysis of the savonius rotor

Period (s) 6.50

Wave Hight (m) 1.50
Water Level (m) 16.15
Revolutions per Minute(rpm) 20
Average Torque (N-m) 2.72
PTave. (kW) 721

1:)Wave. (kW) 4814

Turbine Efficiency(%) 14.80

(a) Case 2 Performance analysis for 3 blade savonius rotor

Period (s) 6.50

Wave Hight (m) 1.50
Water Level (m) 16.15
Revolutions per Minute(rpm) 15
Average Torque (N-m) 6.58
PTave. (kW) 1033

1:)Wave. (kW) 4814

Turbine Efficiency(%) 21.46

(b) Case 3 Performance analysis for 5 blade savonius rotor
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Fig.5.10 Savonius rotor torque rate for 15 seconds
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1.000 (m)

(b) Zero vector torque of the savonius rotor
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0.0
[m s*-1]

1.000  (m)

(c) Lowest vector torque of the savonius rotor
Fig. 5.11 Vector torques of savonius rotor at respective points

(See animation 11)

Fig. 5.12 Volume of fraction and vector velocity distribution respectively

(See animation 12)
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Fig. 5.14 Vector velocity of a 5 blade savonius rotor
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(a) (b)
Fig.1.5 Velocity diagram

Fig.1.6 Path of jet inside wheel
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Fig.1.7 Curvature of blades
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