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A numerical Study on the Performance of Impulse Turbine for 30kW
Wave Energy Converters Applicable to Breakwater

Yang, Seung Kwon

Department of Naval Architecture and Ocean Systems Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

This paper is about the performance analysis according to turbine design
variables to improve the performance of the impulse turbine for 30kW
wave-power generation. We say that the findings were obtained through
further research based on the performance study of the turbine through
the participation of the breakwater-linked wave power generation fusion
and convergence technology development project organized by the Ministry
of Maritime Affairs and Fisheries which has been carried out since 2016.
For the numerical analysis, FLUENT, a general purpose code of the fluid

analysis, was used.

In order to perform the impulse turbine performance analysis, the
verification was performed for a pair of guide vanes and turbine blades.
We carried out the verification by applying the Moving Reference Frame
method which gives relative velocity to the rotating region without rotating

the turbine. Based on the verification results, the performance analysis of

- Xii -
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30kW impulse turbine was conducted. For the verification of the impulse
turbine, the turbine of Setoguchi et al., (2001) was compared and numerical
calculation was carried out by changing the blade rotation speed with the
axial flow velocity fixed. The three - dimensional numerical calculation was
used to compare the input coefficient and torque coefficient efficiency
values of the turbine at 0.5 ~ 2.5 of flow coefficients and the numerical
analysis result showed that they well match with the experimental values

qualitatively and quantitatively.

For the impulse turbine for 30kw wave generation, the turbine
performance was examined with respect to the number of main design
variable wings (z), guide vane angle (6), distance between guide vane and
wing (G/1), wing tip clearance (¢,) and hub ratio. The performance analysis
was performed for a ring type, an end-plate type, a back tilt angle, a ring
and a back tilt angle simultaneous application type turbine which deform
the shape of turbine blades. The impulse turbine design variable study
showed that the turbine performance is the best when the number of
turbine blades is 30, the guide vane angle is 35 ", the distance between

the guide vane and the wing (G/l) is 0.35 and the smaller the blade tip
clearance (¢) and when hub ratio is 0.7. The back tilt angle was applied to

the front and rear of the turbine blade. The result of the analysis of the
turbine applying a total of back tilt angles showed that the efficiency of
the turbine applying (A, -5 " at the front and ()\) +6 °~ at the rear was
improved by approximately 8%. For a ring-type turbine applying a
ring-shaped band at the end of the turbine blade, the turbine performance

was improved as the ring-shaped mouth axial direction length (C)
increases. It was found that as the ring thickness (¢,) increases, the input

and output torque values of the turbine gradually increase and the

- Xiii -
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efficiency value gradually increases and decreases again based on when tp*
is 10. It was also found that the efficiency of three types of impulse
turbines applying End-plate type, ring and back tilt angle simultaneous
application type, ring type was more improved than that of general type

turbine by 5, 9, 10%, respectively.

Based on the study on design variables of impulse turbine using the
numerical analysis, a total of three turbines (general type, back tilt angle
type, and ring type) were derived. It was found that the turbine
performance is good in the order of ring type, sweep angle type, and
general type turbines. In addition, a model turbine with 0.38 m of diameter
for the model test was designed. Model turbine performance data
performed by the Korea Research Institute of Ships & Ocean Engineering
using Wave simulator equipment were compared through the numerical
analysis. Finally, the ring type impulse turbine with best performance of
0.8m in diameter was designed. The maximum efficiency of the impulse
turbine was found to be about 50%. Also, the turbine performance chart
depending on each flow (1, 3, 6, 9 m*/s) was derived for the final

designed turbine.

KEY WORDS: CFD #4Hf#9st; Wave energy converter 32 o= WA,
OWC &4 Impulse turbine 4 2EJHl; Sweep angle ¥ &3 7+
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NOMENCLATURE

b Blade span length

c, Input coefficient

Cr Torque coefficient

G, Nondimensional chord length of rotor blade
D Diameter of turbine

E, Semi-major axis of ellipse

E, Semi-minor axis of ellipse

G Gap between guide vane and rotor blade
l, Chord length of guide vane

l, Length of straight line of guide vane

L, Penetration length

Q Flow rate

Tk Mean radius of blade

R Radius of turbine

R, Radius of camber of guide vane on exhalation side
Re Reynolds number

S, Length between guide vanes

t, Tip clearance

T Turbine torque

Ug Rotational velocity of turbine at rj,

v, Mean axial flow velocity in sinusoidal flow
w Angular velocity of turbine rotor

z Number of blade

Number of guide vane

AP : Pressure drop through turbine blade
; Turbine efficiency

Flow coefficient

Angle of guid vane

Sweep angle

RN
@

> O3
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Fig. 1.3.2 Various types of Wells and Impulse turbines
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Table 1.3.1 Turbine types for various OWCs (Delmonte, 2016; Falcao and

Henriques, 2016)

Plant Turbine type Subtype
Sakata Monoplane, Guidevanes
Islay Biplane
OSPREY Contra-rotating
Mighty Whale . Monoplane, Guidevanes
Pico(1999) Wells turbine Monoplane, Guidevanes
Pico(2001) Variable pitch
LIMPET Contra-rotating
Muturiku Biplane
Vozhinjam Self-pitch controlled guidevanes
Vozhinjam(BBDB) Guidevanes
OE Buoy [mpulse turbine Movable guidevanes
Kaimei McCormick counter-rotating
Yongsu Guidevanes

‘Wells turbine with guide vanes

= == == Tyrbine with self-pitch-controlled blades

0.6 freeeeeenne Biplane Wells turbine with guide vanes

— - —Impulse turb. with self-pitch-controlled guide vanes
| =+« =Impulse turbine with fixed guide vanes

Efficiency, n
o o
w >
T T

o
[N}
T

o
H
T

Air Flow Coefficient, ¢

Fig. 1.3.3 Turbine efficiency for each types(Delmonte, 2016)
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Fig. 2.2.1 Structure of FLUENT
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Table 2.3.1 CFD studies of Wells and Impulse turbines

Researchers Blade profile Turbulence model Condition | Type
Realizable
Taha et al(2011) NACA0020 3D steady | Wells
k— e(FLUENT)
. Realizable k—e
Carija et
NACA0021 RNG k—e 3D steady | Wells
al(2012)
k—w SST
NACA0015(Biplan Realizable k—e
Shaaban(2012) 3D steady | Wells
e) (FLUENT)
Hub:NACA0018-6
3
Starzmann and , Standard fully
Midspan:NACA001 3D steady | Wells
Carolus(2014) - 63 turbulent SST(CFX)
Tip:NACA0012-63
Halder et
NACA0015 k—w SST(CFX) 3D steady | Wells
al.(2015)
Shehata et NACA0012,0015, Realizable k—e 2D Well
ells
al.(2016) 0020, 0021 (FLUENT) unsteady
Halder et
NACA0015 k—w SST(CEX) 3D steady | Wells
al.(2016)
Ying and Realizable 3D quasi
NACA0020 Wells
Hyun(2016) k—e(FLUENT) steady
Hyun and Standard 2, 3D
Impulse
Moon(2006) k—e(FLUENT) steady
Liu et al.(2013) RNG k—e(FLUENT) | 3D steady | Impulse
Pereiras et Realizable
3D steady | Impulse
al.(2014) k—e(FLUENT)
: Standard
Liu et al.(2016) 3D steady | Impulse

k— e(FLUENT)
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Table 3.1.1 Specification of impulse turbine

Designation Symbol Value
Diameter(mm) D 300
Number of blades Z, 30
Number of guide vane Zg 26
Hub ratio 0.7
Tip clearance(mm) t, 0.5

A

Fig. 3.1.1 Configuration of turbine for validation (Setoguchi et al., 2001)
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Table 3.3.1 Specification of Impulse turbine selected

Designation Symbol Value
Diameter(mm) D 800
Number of blades z 26
Number of guide vane Zg 26
Hub ratio 0.7
Tip clearance(mm) t, 1

5
No. of Guide vane = 26
Unit : mm
30
N
R88 59 !
vl
No. of Rotor = 26 Ea 369.01 _

Fig. 3.3.1 Configuration of impulse turbine
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Table 4.1.1 Turbine efficiency and torque coefficient at ¢=1.0

z n Cr
26 0.444 1.610
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Fig. 4.1.1 Performance of impulse Turbine
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Fig. 4.1.4 Air flow streamlines around the rotor blade at the hub, mid and tip

sections of model z=30 at ¢=1.0
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Fig. 4.1.5 Pressure distribution on suction sides at ¢=1.0
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Fig. 4.1.6 Pressure distribution on pressure sides at ¢=1.0
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Fig. 4.2.2 Pressure distribution on suction and pressure sides of model 6=35 at
»=1.0
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Fig. 4.2.3 Air flow velocity vectors around the rotor blade at the hub, mid
and tip sections of model 6=35 at ¢=1.0
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(a) Hub section (b) Mid section (c) Tip section

Fig. 4.2.4 Air flow streamlines around the rotor blade at the hub, mid and tip
sections of model =35 at ¢=1.0
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Fig. 4.2.5 Pressure distribution on suction sides at ¢=1.0
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Fig. 4.2.6 Pressure distribution on pressure sides at ¢=1.0

Table 4.2.1 Turbine efficiency and torque coefficient at ¢=1.0

0 7 Cr
15 0.276 2.422
25 0.444 1.610
35 0.483 1.252
45 0.402 1.020
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Fig. 4.3.1 Pressure distribution on suction and pressure sides of model
G/1.=0.35 at ¢=1.0
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(a) Hub section  (b) Mid section  (c) Tip section

Fig. 4.3.2 Air flow velocity vectors around the rotor blade at the hub, mid
and tip sections of model G/I,=0.35 at ¢=1.0
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Fig. 4.3.5 Pressure distribution on pressure sides at ¢=1.0
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Table 4.3.1 Turbine efficiency and torque coefficient at ¢=1.0

G/l G(mm) [ (mm) n Cr

0.15 24 160 0.438 1.626
0.35 56 160 0.444 1.610
0.55 88 160 0.437 1.599
0.75 120 160 0.434 1.598
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Table 4.4.1 Turbine efficiency and torque coefficient at ¢=1.0

t* t (mm) n Cr
0 0 0.475 1.653
0.125 1 0.444 1.610
0.375 3 0.420 1.580
0.625 5 0.392 1.523

Ca
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Fig. 4.4.1 Performance of Impulse Turbine
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Fig. 4.4.2 Pressure distribution on suction and pressure sides of model ¢.*=0 at

$=1.0
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L1 (a) Hub section  (b) Mid section  (c) Tip section
Fig. 4.4.3 Air flow velocity vectors around the rotor blade at the hub, mid
and tip sections of model ¢*=0 at ¢=1.0
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Fig. 4.4.5 Pressure distribution on suction sides at ¢=1.0
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Fig. 4.4.6 Pressure distribution on suction sides at ¢=1.0
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Fig. 4.5.1 Performance of Impulse Turbine
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Table 4.5.1 Turbine efficiency and torque coefficient at ¢=1.0

Hub-ratio n Cr
0.6 0.457 1.479
0.7 0.444 1.610
0.8 0.417 1.717
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(a) Suction side (b) Pressure side

Fig. 4.5.2 Pressure distribution on suction and pressure sides of model Hub
ratio=0.6 at ¢=1.0

_51_

Collection @ kmou



AN

Velocity Magnitude o 5.8
iy A 4
. 60 ; 'f’/ (o rﬁ)/ ""L
— 50 - 400",/ i ?6/ 5° " 4 ) 4 o
—1 45 D / ' . AU
= 40 = 8 g N RN s
=3 2 & & L i
[ 30 ﬁ ) ‘ 5{“%»? oY e ‘ \
Qo \ 3
| 2 8 . 0’0 4 % e@\;
] 20 Z { h% N B} ;%5‘
15 i TR

I 10 W\ R Y

L | (a) Hub section (b) Mid section (c¢) Tip section

Fig. 4.5.3 Air flow velocity vectors around the rotor blade at the hub, mid
and tip sections of model Hub ratio=0.6 at ¢=1.0
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(a) Hub section (b) Mid section (c) Tip section

Fig. 4.5.4 Air flow streamlines around the rotor blade at the hub, mid and tip

sections of model Hub ratio=0.6 at ¢=1.0
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Fig. 4.5.5 Pressure distribution on suction sides at ¢=1.0
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Fig. 4.5.6 Pressure distribution on pressure sides at ¢=1.0
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Fig. 5.1.1 Schematics of blade sweep angle

_54_

Collection @ kmou
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Fig. 5.1.3 3-D CAD model of Impulse turbine
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Table 5.1.1 All cases for sweep angle
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Fig. 5.1.7 Pressure distribution on suction side under two kinds of blade
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Fig. 5.1.8 Pressure distribution on pressure side under two kinds of blade
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Table 5.1.20] ¢=1.0914 HRIZ+& AL F 2072 dH2=HW 5474
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o 71E Byl Wl AMEE RS & 5 AATE AT AT 27 @A

A a0l 2o 4R AASE, k¥ A4ER AQ 0 Aol B33

Ll
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Table 5.1.2 CFD results for all cases at ¢=1.0

Model A, (deg) A (deg.) n Cr c,
Reference 0 0 0.429 1.593 3.711
A01 —F0 0 0.459 1.658 3.611
A02 -4 0 0.448 1.610 3.597
A03 10 0 0.444 1.596 3.591
A04 4 0 0.440 1.589 3.614
A05 0 -10 0.442 1.586 3.590
A06 0 -4 0.434 1.579 3.637
A07 0 4 0.452 1.625 3.594
A08 0 10 0.443 1.612 3.637
A09 -10 10 0.440 1.607 3.651
A10 -20 0 0.436 1.621 3.721
All -5 -6 0.462 1.642 3.555
Al2 -5 10 0.448 1.621 3.615
Al3 4 9 0.454 1.637 3.606
Al4 5 10 0.455 1.639 3.601
Al5 10 10 0.440 1.580 3.590
Al6 -10 -10 0.455 1.624 3.565
Al7 2 4 0.451 1.619 3.588
Al8 3 4 0.450 1.618 3.599
Al9 -10 -5 0.453 1.617 3.572
A20 -10 5 0.450 1.621 3.606
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Fig. 5.1.13 Comparison of C,, C;, n between RE and A09~A20 models

_65_



L2107, 4
FAaL A o

S|

[e)

LD

°

, +10° 2 F7HAA

, 07, +4-

-4 -

’

o
vz

™

A

g0

13 AE -10°

o)
o

By

NP

fo

wA.O

go]

o=

6" )o] REEE HT} ¢F 8%9

e

& AllRE(), =5

_66_

Collection @ kmou



Vv ==y

Blade ~

Fig. 5.2.1 Ring type of the blade

Fig. 5.2.2 Ring type model C,=1.6625
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Fig. 5.2.3 Ring type blade

Fig. 5.2.4 Rectangle mesh on the ring surface
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5.2.1 Ring typeElRl J7LF JFA(C) BE ER A% 4
PEFAERIY Bl A5 WY FA C= JBILENY AT 2o
(,)& €/l Z=Z)()= Yx FAds= Ao, CE 0, 1, 1
25 2 S7MAAZM Ads dldstded, 8o HUldTHE 4ol )E 0, 160,
240, 340, 400mm & =742 AL oudth ¢=0.5~2.59 4 A%3)4
Y3t A hTable5.2.1-2). C kol 71l meh FPwol &gk gl %
ol S s, o= sl BRIdTek Al ¥ A 44aE 9
15t Th.(Fig.5.2.5~6). Fig.5.2.7-8°] @7 sreddda) SABREe) e o
BRIt C kol S71etel weh E7igE e dEHExrt MA dade &
T AAoH, Jof "Ho] sojdel wet dHe e FUA EI} F
& AT foFstd, Catel F7hekol web EHle] t¥Astrr ashH

EAFE S-S ST 1 A3 EHulEso] 7

_1.1.4

f
of
9_:
[o
15/

Table 5.2.1 Turbine performance

C}; lrp(mm) Cy Cr n

0 0 3.675 1.609 0.438

1 160 3.583 1.642 0.458

1.5 240 3.574 1.647 0.461

2 320 3.552 1.650 0.465

2.5 400 3.517 1.651 0.469
- 69 -

Collection @ kmou



Table 5.2.2 Conditions of calculation

¢ Va U,
0.5 35.13 70.26
1.0 35.13 35.13
1.5 35.13 23.42
2.0 35.13 17.565
2.5 35.13 14.052

4 r -0 175 acp

38 | 17 +

Ca

34 16 |

3.2 L . . L g 1.55

36 \1-‘1,\‘\. S 165 '/./-l”‘—'

Cp Cp

@ O, b Cy
05 [ me

048 |
046 |

0.44

042

04

0 0.5 1 1.5 2 25
Cp
© n
Fig. 5.2.5 performance of turbine
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Fig. 5.2.6 pressure on suction side
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Fig. 5.2.7 pressure on pressure side
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Fig. 5.2.8 pressure on tip surface of blade
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5.2.2 Ring tpyeEI ¥l &2 JFA( ) e HY A5 )4

p

YEAL SRR Yo FAS A 2 Ho| sk Fig5l9el + 5
AM A FERNATE ¢ 8 1, 3, 10, 19, 28, 55mmz Hp F7kAIA she BN

e dolrgtth t& ¢ =(t/D)x100 Aeste] JeRAATh ¢ 7 0.125,
0.375, 1.25, 2.375, 3.5, 6.875 & ] ERle] H5& dotmgtth. FFATE HA
S7rekel mel ERlel Fgske gEAstel Eage A SUesla
(Fig.5.2.10), &&2 H S7kstnt 7} 1.25¢9 W& 7|Eo= H3 dasgin
(Table5.2.2).

Fig.5.2.11~120] Zzte] @A%7lel w2 edz 9 )
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Y
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Fig. 5.2.9 Definition of ¢,
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Fig. 5.2.10 Turbine performance
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Table 5.2.2 Turbine performance(t,*)

t t*

P P (24 (zr n
1 0.125 3.012 1.494 0.496
3 0.375 3.014 1.515 0.503
10 1.25 3.089 1.594 0.516
19 2.375 3.415 1.693 0.496
28 3.5 3.873 1.752 0.452
55 6.875 8.566 2.371 0.277

(@) t,*=0.125

(©) t*=1.25

{¢/Collection @ kmou
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() t,*=35
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Fig. 5.2.11 Total pressure on suction side (z,*)
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Fig. 5.2.12 Total pressure on pressure side (¢,*)
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Fig. 5.2.13 Definition of [,
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Table 5.2.3 Turbine performance(l,*)

L* Lmm) | Cy Cr n

0 0 3.012 1.494 0.496
0.25 2 2.924 1.467 0.502
0.5 4 2.883 1.426 0.495
1 8 2.860 1.352 0.473

total-pressure A

11000
10500
| 10000
1 9500
9000
8500
8000
| 7500
7000
6500
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500

NOLOIId MO

)

total-pressure

NOILOIId MO

(© 1,¥=05 (@ 1r=1

Fig. 5.2.14 Total pressure on suction side (7,*)
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Fig. 5.2.15 Total pressure on pressure side
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Fig. 5.2.16 Turbine performance
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Fig. 5.3.2 Turbine performance
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Fig. 5.3.3 Total pressure on suction side
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Fig. 5.4.3 Turbine performance
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Fig. 5.4.4 Pressure distribution on suction sides at ¢=1.0
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Fig. 5.4.5 Pressure distribution on pressure sides at ¢=1.0
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(a) Normal type (b) Sweep anlge type

(c) Ring type

Fig. 6.1.1 Three kinds of Impulse turbines
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Table6.1.13} Fig6.1.201 2% 30kWH JP2elvle A AU 2340w
ZA ST Figh. 130 P84S 243 3393

& HHYS YERAS.

Table 6.1.1 Specification of Impulse turbine selected

Designation Symbol Value
Diameter(mm) D 800
Number of blades z 30
Number of guide vane 2, 28
Hub ratio 0.7
Angle of guide-vane 0 35°
Tip clearance(mm) i, 1
Length of ring G, 1.5
Thickness of ring by 0.125
Thickness penetrated of
l, 0.25
duct

950
No. of Guide van
Unit : mm
( ;VE -
o
M R88.59 0
&
No. of Rotor = 30  Ea=369.01

SN

Fig. 6.1.2 2D-Impulse turbine

_92_

Collection @ kmou

e =28

Fig. 6.1.3 Ring type turbine
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Table 6.1.2 Conditions of calculation

¢ V. U,
0.5 35.13 70.26
1.0 35.13 35.13
1.5 35.13 23.42
2.0 35.13 17.565
2.5 35.13 14.052
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Fig. 6.1.4 Turbine performance
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Fig. 6.1.5 Typical results of quasi-steady analysis
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Fig. 6.1.7 Turbine efficiency for various RPM
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Table 6.2.1 Dimension of wave simulator (mm)

Inner Dia 1,500
Air Drum Out Dia 1,700
(Cylinder) Length 1,000
Thickness 6T
Dia 1,500 ~ 400
Air Cone Length 800
Thickness 2T
I.D 1,500
Air Board Thickness 115.5
(Piston) Guide Bar 3points(No sliding friction)
Air Gap <0.5
Shaft Stroke 100 ~ 500
Control Speed 500mm/sec
Control System Drive Motor AC Servo Motor : 3%+
220V, 5.0 kW
Rated Rev. : 2000 r/min

Cont. Torque : 23.87 Nm
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Fig. 6.2.3 Measurement system for Torque, RPM, Generated power
(R = sl =ikt 2017)

Fig. 6.2.4 Integration of pressure sensors and pitot tube
(HRFRI = 8 of=2k-, 2017)
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Fig. 6.2.5 Turbine model (th+91= 3 F<=2H5-, 2017)

Table 6.2.2 Specification of ring type impulse turbine selected
(HRRI = &) ef=2ak-, 2017)

Designation Symbol | Normal type | Ring type
Diameter(mm) D 380 380
Number of blades z 30 30
Number of guide vane Z, 32 32
Hub ratio 0.7 0.7
Angle of guide-vane 0 25° 25°
Tip clearance(mm) t, 1 1
Length of ring G, 1.1
Thickness of ring t, 0.263
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