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A Study on the Performance Analysis and Flow Characteristics of
the Direct Drive Turbine For Wave Energy Conversion
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A Study on the Performance Analysis and Flow
Characteristics of the Direct Drive Turbine For

Wave Energy Conversion

Chang-goo KIM

Department of Mechanical Engineering

Graduate School of Korea Maritime University

Abstract

The purpose of this study is to examine the influence of nozzle shape on the
performance and effect of wave conditions on the performance and internal flow of
a direct drive turbine (DDT)model for wave energy conversion. The performance
of the turbine is calculated by the variation of nozzle shape using a commercial
CFD code. Moreover, Three kinds of test turbine models are adopted for the
experiments of performance test and internal flow visualization. All the
experiments using the test turbine models have been conducted in a 2-D wave
channel. Regular waves by various wave conditions of wave height and wave
period are applied to the turbine performance test. Influence of turbine
configuration by several combinations of turbine nozzle shapes and attachment
devices on the turbine performance is also investigated.

The results of CFD analysis show that nozzle shape should be designed



considering wave height and flow rate entering to the turbine. Best efficiencies of
the turbine by 4 types of the nozzle shape do not change largely but overall
performances vary mainly by the cross-sectional area of nozzle inlet. The output
power of the cross-flow type hydro turbine changes considerably by the nozzle
shape, and a partial region of Stage 2 in the runner blade passage obtains maximum
regional output power in comparison with the other region of the runner blade
passage.

Experimental results show that rotational speed, differential pressure, inflow flow
rate, maximum output power and best efficiency of the turbine model vary
considerably by the wave conditions. Number of rotation time series data of no
load condition is shown change of 10%. When wave height rises, the performance
increases.(H=20cm , Pr=7.2W , n=45.5% -> H=26cm , P1=11.9W , n=51.6%)
Installation of front guide nozzle and rear water reservoir to the test turbine
improves the turbine performance. Large passage vortex occurs both at the front

and rear nozzles in turn by reciprocating flow in the turbine passage.



Nomenclature
A : nozzle inlet cross-sectional area
b : width of nozzle and test runner
D; : outer diameter of test runner
D2 : inlet diameter of test runner
g : acceleration of gravity
h : water depth
hr : height of turbine nozzle inlet
H : wave height
Hr : height of turbine nozzle inlet
AH : effective head
AH st = Instant effective head
L : turbine length from the front to rear edges
n : rotational speed
Pr : output power

Pr insane © instant output power



Py : hydraulic power

Py : static pressure at the side wall of front nozzle

P, : static pressure at the side wall of rear nozzle

AP : differential pressure between turbine front and rear nozzles

QO : volumetric flowrate

QOinsame - instant flowrate

T : output torque

Tinstane = Wave period

T, : wave period

Z : number of runner blade



Greek letters

a : runner outer blade angle

S : runner inner blade angle

n : turbine efficiency (=PT/pgQAH)

Nrep: turbine efficiency at the best efficiency point

p : density of working fluid

Subscripts
11 : inlet of runner Stage 1
21 : inlet of runner Stage 2
r : radial component of velocity

0 : tangential component of velocity
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Table 1.2.1 Wave power converters
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Fig. 1.3.1 Schematic View of Direct Drive Turbine
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Fig. 2.4.1 Performance characteristic curves of turbine model
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Fig. 2.4.3 Output power analysis of turbine model (BEP)
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Fig. 2.4.4 Velocity vectors in the turbine passage (BEP)
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Fig. 2.4.5 Streamlines in the turbine passage (BEP)
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Fig. 2.4.6 Velocity distributions at the inlet (continued)
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Fig. 2.4.6 Velocity distributions at the inlet
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Fig. 2.4.7 Pressure contours within the flow field (BEP)
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Fig. 2.4.8 Averaged pressure distributions on the surface around the runner
blade (BEP) (continued)
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Fig. 2.4.8 Averaged pressure distributions on the surface around the runner
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2 oA e el s Huigk adste] HRlY AdEsAY
stz fste] 2xkd Iz A DA 91
Rl fFAAIAA 1 EFe oA EHle] FETE 4 ==
FAE FASAG. 2GR e Aot w7 Z2AE Table 3.1
Ve 2 9o, Fig 3.1.1

Fig. 3.129} Fig3.1.3& Zapgx9] 249} Aaddx 9] 7&Fwo|}.

& orlo

Table 3.1.1 Dimensions of wave channel and wave condition

Wave channel 1.0(W) x 1.0(D) x 35(L)m
Wave paddle 0.98(W) x 1.0(D)

Water level Im

Wave height 0.3m(£0.15m)

Wave period 0.5 ~ 5 sec.

driven method AC Servo Motor

Control method Computer Program

Setup Self standing

System Type Piston Type Regular & Irregular
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(b) front

(a) side

Fig. 3.1.1 Image of 2D Wave Channel
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Fig. 3.1.3 Schematic view of the experimental apparatus
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Table 3.1.2 Dimensions of test turbine model

Turbine 1 2 3

Cross-sectional area at the
front and rear nozzle inlets 250 x 700 190 x700 125 %700
A (hrx b) [mm x mm]

Length L [mm] 700 540 350
. Turbine Effect of Internal flow

Purpose of experiment Attachment o
Performance devices visualization

0‘ /Torque meter

Rear water
reservoir

Front guider

Wall static
pressure hole

Fig. 3.1.4 Schematic view of Direct Drive Turbine tested
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(a) front

(b) Side

Fig. 3.1.5 Image of Direct Drive Turbine model
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Table 3.1.3 Dimensions of test turbine model

Runner 1 2 3
Outer Diameter D1 [mm] 260 200 130
Diameter ratio D2/Di 0.644
Inner blade angle o [deg.] 30
Outer blade angle f [deg.] 90
Blade number Z 30

Fig. 3.1.6 Image of test runner
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Table 3.1.4 Variation of torque

Torque [kgr-m] 0.25 0.5 0.75 1.00 1.25 1.5
Volt [V 0.119 | 0.232 | 0.340 | 0457 | 0.576 | 0.695
olt 1V] 0.134 | 0.233 | 0.348 | 0.457 | 0.580 | 0.689

Fig. 3.1.8 Image of torque meter
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Fig. 3.1.9 Power loss and torque loss

) FHEWUAATEH

AL 2kglem’, A QA 0.02%/FSe] FH S ALEA T
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Table 3.1.5 Dimensions of test turbine model

Water Level(mm) | Pressure Transmitter A(V) | Pressure Transmitter B(V)
200 1.085 1.066
300 1.105 1.086
400 1.125 1.106
500 1.145 1.126
600 1.165 1.146
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Table 3.1.6 Variation of Water height

Water Height [cm] O 41 50 55 60 65 100
Front P. Volt [V]|-3.969|-1.641/-1.086|-0.791|-0.506 |-0.221| 1.797
Rear P. Volt [V] |-4.707|-1.853/-1.217|-0.863|-0.517|-0.170| 2.273

Fig. 3.1.11 Image of Wave height meter
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Fig. 3.3.1 Time serial output data
(Turbine 1, Tp=2.0sec., H=20cm, h=70cm)
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Fig. 3.3.2 Performance by the variation of wave height under no load

condition
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Table 3.3.1 Comparison of test turbine performance by water depth

Zb gz oA 153]

o1 AZsel 1

Wave channel I II
Water depth h (cm) 75 140
Wave height H, (cm) 20 20
Wave period T, (sec.) 2.0 2.0
Flow rate Q (m?/s) 0.028 0.023
Rotational speed N (min 1) 68.5 39.7
Static pressure
at fronL‘E nozzle br (Pa) 2158 1471
3 T
25 | ---- - 4: ——————
ol L B & B .
’\ 15~ ******
- 4
- -
5 :
0 3 3.5

non-dimensional water depth, kh

Fig. 3.3.6 Change in horizonatal water particle amplitude with water depth[m
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Fig. 3.3.7 Turbine performance by wave height(a) and period(b) deep water
h=140cm
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Fig. 3.3.8 performance curves of test DDT model the case of (a) shallow

water h=75cm and (b) deep water h=140cm
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Table 3.3.2 Test cases by attachment devices at the turbine front and rear

nozzle inlets

Division |Front guide wall Rear water reservoir
Case 1 Attached Attached

Case 2 Attached None

Case 3 None Attached

Case 4 None None

Fig. 3.3.9 shape of attachment devices
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Fig. 3.3.10 Influence of attachment devices on the turbine performance
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Test Turbine direction | Front guide nozzle Rear water reservoir
Case [ Normal Attached Attached
Case 11 Reverse Attached Attached
Case III Normal None None
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Fig. 3.3.11 shape of nozzle configuration
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Fig. 3.3.12 Influence of nozzle configuration in the turbine performance
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Fig. 3.3.13 Time serial instant 3-D velocity components in the turbine front
nozzle (Turbine 3, 7p=2.0sec., H=20cm, h=70cm)
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Fig. 3.3.14 Experimental setup for the visualization

Fig. 3.3.15 Internal flow image on the center plane of the turbine front nozzle
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(Turbine 3)

(a) Inflow from front nozzle inlet

(b) Inflow from rear nozzle inlet

Fig. 3.3.16 Instant velocity vectors measured by PIV in a DDT nozzle passage
(Turbine 3, TP=2.0sec., h=70cm)
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Time serial output data & Performance curves

D(mm) | T,(s) | h(cm) | H(cm) n(min’l) Name
Performance
SD260h70P2.0H20
curves
10 SD260h70P2.0H20N10
20 20 SD260h70P2.0H20N20
30 SD260h70P2.0H20N30
40 SD260h70P2.0H20N40
50 SD260h70P2.0H20N50
no load SD260h70P2.0H20N0O
Performance
SD260h70P2.0H23
curves
10 SD260h70P2.0H23N10
20 SD260h70P2.0H23N20
D260 23
2.0 70 30 SD260h70P2.0H23N30
(Turbine 1)
40 SD260h70P2.0H23N40
50 SD260h70P2.0H23N50
no load SD260h70P2.0H23N0
Performance
SD260h70P2.0H26
curves
10 SD260h70P2.0H26N10
20 SD260h70P2.0H26N20
26 30 SD260h70P2.0H26N30
40 SD260h70P2.0H26N40
50 SD260h70P2.0H26N50
60 SD260h70P2.0H26N60
no load SD260h70P2.0H26N0
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75

Performance

SD260h75P2.0H20
curves
10 SD260h75P2.0H20N 10
20 SD260h75P2.0H20N20
20 30 SD260h75P2.0H20N30
40 SD260h75P2.0H20N40
50 SD260h75P2.0H20N50
60 SD260h75P2.0H20N60
no load  |SD260h75P2.0H20NO
Performance o - 60h75P2.0H23
curves
10 SD260h75P2.0H23N 10
20 SD260h75P2.0H23N20
23 30 SD260h75P2.0H23N30
40 SD260h75P2.0H23N40
50 SD260h75P2.0H23N50
60 SD260h75P2.0H23N60
no load  |SD260h75P2.0H23NO
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