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Abstract

One of vertical axis turbines, H-Darrieus turbine has the advantage of being
able to generate power at a low flow velocity compared to the horizontal axis
one that is frequently used at present. However, the H-Darrieus turbine
ironically has the disadvantage that it is difficult to self-start at low flow
velocities. Therefore, in order to use the H-Darrieus turbine more efficiently,
it 1s necessary to take the advantage of being able to generate electricity at a
low flow velocity, and to do so, a study on the self-starting characteristics of
the H-Darrieus turbine was required.

Several key factors affecting self-starting in vertical-axis turbines can be
specified as solidity, azimuth angle, Reynolds number, and angle of attack. In
this study, the self-starting characteristics of the H-Darrieus turbine
according to the change in solidity were investigated, and the self-starting
characteristics of the multiple stage turbine were also analyzed.

In order to study the effects of the solidity change and multiple stage on
self-starting characteristics of the H-Darrieus turbine, the wind tunnel
experiment zone and the turbine experimental apparatus were designed and
manufactured, a control measurement system was built, and the linearity of
the wind tunnel and the RPM sensor was investigated. And through the
analysis of the results of previous studies, the appropriate self-starting
criterion was selected and the experiment was conducted.

As a result of the self-starting experiments, in the case of a large solidity,
the incoming flow velocity that satisfies the self-starting criterion was low
and the timing was fast, confirming that the self-starting characteristic was

good. The result of multiple stage turbine was that the self-starting



characteristics were poor because higher flow velocity and longer time were
required as compared to the single stage turbine.

In a future study, an power generation performance evaluation experiment
will be conducted, and the self-starting and power generation performance

evaluation will be used to design good H-Darrieus turbines.

key words: H-Darrieus turbine, self-starting, solidity, multiple stage

turbine
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Figure 9 Tachometer fixing shape on the test section
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obefe] Alg Az} vlo]Elet L ZEZ(FIG 11, Table 3) E3t] A%7] rpm3}

TEe S el AgAEE T des Ao At adER dow
A

A&7
Table 3 Wind tunnel flow speed data
RPM 200 400 600 800 1000
B B4
2.531818 5.691911 9.046278 12.34635 15.92763
(m/s)
HZ TR} 0.015937 0.025861 0.046562 0.058845 0.05904
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Figure 11 Motor rpm - flow speed relation graph

Table 3 2 FIG 110 uebdl wpel kel d57] rpm7 P8 A& A& 5}t

A% pme % gow AEd

200~400rpm¢! 7S Ws,

0.0157964646m, -0.6274747746,

400~600rpm¢! 78-5- Ws,=0.0167718337m,~1.016822369,

600~800rpm¢! 73 -F- W5,=0.016500373645m,-0.853946336,

800-1000rpm<! 73 -5 W5,=0.0179063656m,,—1.9788399.

selol=e] &Eldy ®stet A5 HHle tdste] wE dde s

2 AY AA FEFolMs Bl Edol=rt nbge ouAE o] &5}
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Figure 12 Experiment equipment CAD
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Figure 14 Blade fixture detail

Figure 15 3D printed blade
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Figure 17 ESUN 3D printer filament
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Figure 18 1-Stage turbine(left) 2-Stage turbine(right)
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2-3-2. 5t N{F : »mEE Edo[za

SElE Belola= iR el A7|7F sreiAd Aol ol iR SUbE =
JE|Fo] Ad&Eo] Sl FetE F= WwAe Bieolao|ty YRR 3EE
B o] A(FIG 20) F= v Heolaztal S AE2 A7bdel wet &
a5 AT ¢ don =2 AHAES 7HAL v AREE A w2 Al
< 7ML BEAE Aol & 5 AN AR BEE o] &3t S s & A4
G BN Q93 22 g ol sl wEel] MERE Al dEFE

deolaE AAsAt &3, Ak AAHQ] A

ol r
bt
>
>
s
ol
:?L_‘,
(=
o)
o
1Y
o
-
ot

e Z BYolas 06 NmZhA Aloj7t 7k ByolaE Abgstdlon %1
ojdS o]&ste] 01V ©eR FeE & 5 doew Hioa AEZY(FIG
195 Faf Alojdt

Figure 19 Particle brake controller
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Figure 20 particle brake exterior and characteristics

- Y EEA [ YA
e VolTage ! ! 5
© Result Standard: | ::ilabiCase
O'ﬁE‘S“Ong 0.092 kg-m 9 (GOOD) D.C 0~24V D.C 0~24V ok (GOOD)
2T 2|0]2(PRB-0.06Y4)
Y T £23 SHE
0.10
0.09
0.08
007
E 006
2 005
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! ————
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FHEHY)

Figure 21 Torque contrast voltage characteristics
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2-3-3. A& 5 : cDAQ-9188

DAQ + 4Y%s =EES F7F = ¥4 & 4 AdE NATIONAL
INSTRUMENTS(NDAFS] cDAQ-9188 2§ Al ¢} NI-9239 At 98 RExTS
g3to] rpm AA A Yo Hets ASFsA

FIG 22 oA 8719 REo] =¥ AAI7} cDAQ-9188°]" FIG 22 2 &% 9
NI-9239 E&E2 ofd=T1 +10V AgS 4719 A2 SAlo =

™ 50 KS/s/che] Sample Rate®} 24-Bit®] d =& 71+

Figure 22 NI-cDAQ9188 chassis and NI-9239 analog input module
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2-3-4. AE5: Torque-RPMAIA|

Figure 24 TESTO 465 rpm

Measuring instrument exterior

Figure 23 T20WN exterior

rpm AA = HBMARS] T20WN A% (FIG 23) ol &3te] ERle] sld& A
som KOLAS ¢15® TESTOAS] 465(FIG 24) #|%FS Ab&3te] T20WN
rpm AlA 9] A gkl A¥APE st

HBM® T20WN A% Hd 10,000rpm7HA] =4 8 £ Q& AFolh
T20WN AA 9] rpme T3 Aoz &5Ho] #rt AU HBMC 1-VK20A
g 7] WA Fsl Aol Q7bE T20WNS] rpm¥ EZ] SAZE 9
Al 1-VK20A A7]wjx s Sate] E9dh shAwr d7] wjxdgozRe &9

17 wj#e] HBMALS] AlZWd S4e MPE) RES

oft A
rir
12
fols
rir
N
o
RN
122
fol

o

& ol ®EI 10V HAGgrew HWHIFo ZHHHFAY. MP60S =ZHAI=

A3z ol 5~1081¢ T+ 3% H]&(Sampling Rate) & ¢H9x] ¢ €A 359)
H] 2% 5000Hz ¥ % W& dFwdrh FIG 23 13 oA AlA 9%
2 4% olda Ray gl AZgon AZHAT $59 FL JEF B



s 7R doem 1~9999rpme] =4 WE MR vk uAH A
=

8 9509 %74 BEAE AF £ES A1 9t AL 8

HdEMHH S 200268971
IS P H 2= & A :TESTO

JJ ¥ & :2005593 s Al 465

B BED 3= T0AED SFHIU 2H SEEEL
Range Standard Applied Instrument Measured Correction Value Measurement Uncertainty
AUTO 300.00 min™” 300.0 min™ 0.0 min™ 0.1 min”™'

600.00 min™ 600.0 min™' 0.0 min™ 0.1 min™'
900.00 min™ 900.0 min”! 0.0 min”’ 0.1 min”'
3.000.0 min™ 3 000 min™' 0 min™ 1 min”
6 000.0 min” 6 000 min”' 0 min™ 1 min”
9 000.0 min™' 9 000 min™ 0 min™ 1 min™
30 000.0 min™ 29 999 min™ I min”’ 1 min™!
80 000.0 min”" 59 897 min”' 3 min”' 1 min”’
90 000.0 min™ 89 596 min™' 4 min™ 1 min™
# ZEEEERC M4 F(Measurement uncertainty confidence level is approximately) % 95 %, 4 = 2

Figure 25 TESTO 465 rpm measuring instrument KOLAS correction report
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Figure 26 Comparison of each rpm sensor measure values
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fiugre 27 T20WN Sensor rpm linearity
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Figure 28 Torque measuring bar
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o4& o % 0 NmellA 0Ve] Hste]l 2 NmelA 10Ve] xSto] vtk 7Fg ol
Ae 712717F 0290 27 deoA Aok 449 @& oldste] 1Y =
A= FIG 290 A 2k#o] 0.21439] 71717} AR oA dAet= AS 9

AstATh oFze] FIG 29 o wel N=0.214V, A& o] &3te] oz A8 1g
2 Byolad 01V Aol J7FHAS A5 EAE FA4sA o 0118983
Volts / 0.0255 Nm = F74 « Al4E sielvh. Beol=e] B 542 FIG 30904
A BHolae] 01V Hdek2 17X F DC BZH=E SdAAS W ve= §
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T20WN Sensor Torque Linearity
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Figure 29 T20WN sensor torque linearity

Figure 30 Particle brake torque measurement
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2-3-5. AE AZEY 0 : LabView 2019

B woltage - Continuous Inputyi [Voltage - Continucus Input-tu.] SHEMHY * = O *
oDYFE HIUE =V EREEER) $£TO) EFMm HE2W EEE(H) Wm
on 'm,
D @ [T 1 [15ptAFTAE EE « | for v 8 @b~ r| A g HIB ™
= N
Channel Settings Acquired Data
F;h_ysmal Channel - A
' |Ifo' Dev 1/ai0 |m] 0.0014-
Max Voltage  Min Voltage DeEs.
— 0.001-
L|5 | U'E | 0.0008 -
Terminal Configuration % 0.0008 -
T
| F£][defouit |] e
(55 || o002
- gl
Timing Settings ey
Sample Clock Source B Ay
(s - -0.0008 - 1 I 1 1 I I I | I |
| |6 OnboardClack |f?| 0 01 0.2 03 04 05 05 07 0.8 08 1
Time
SampleRate Actual Sample Rate [
|1000 |] {|1ana 0o ” | H s
i = ' 1
Mumber of Sam) & 2
Hileslier of Samples Logging Binary Data
100 SaveSpreadSheetFilePath
M ] 0.02-
= - - =
Logging Settings g, 0.015-
Logging Made :
i b | .
[ ,E: |o — ﬂ — : s oot
- SaveBinaryFilePath
TOMS File Path [ | iy
=)
I |qh || | % -O'ODUEZI 1 1 1 ] ]
(i} 2 i 4 a 10
J Time
W
< >

T20WN rpm AAMZFEH ASHE 25E #A5(LabView)stal &
golE Ay ARE NIXJl A A2d g2 24, 17 A
AAE dAYey LxEgefelth FIG 312 AZ Al AHgd #

g EFoln 549 Acquired DataollA Aoz Hdstel WEE AAE
F deon FrtHoz AS A 9 Ad, S BE W, FF HE, 95 A
& A aga dAs A A 5 AF T 5 dv

cDAQ-9188-2939 HEE& &3 HAHE Ad#HES #:AFY 7]E Voltage -
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Continuous input <l #|& 7|vte 2 st o dHolg AF3AdS tdms A
b ooly gt txtHYd 2 binary WYl bin FY2 AFET ¢ A A

A Ao A= 1,04857633 7k A vk HolH & AFE 4 o=z 1 5000712
olH & A&dt= #AlA 1,04857638 0] Holrk= do] RIMsHA wAste] #Hx

HiE #4442 A48 A48 25 £ AR B5 delojage ¥

rlo

A7} FEe) AFEe =ik golal gelHol gk A Aol 27}
TES Gelate VEort s A A BEN W SE 0 274K B3
o roldth AY w3 A7k TE Aol gdd AY w: &

o] M= Al (Ebert et al, 1997)(Kirke, 1998)& =47} 7% A @olal A <3}

&
Mads 7IRte = 3 AYA HF o £& &2 A 55 &, 2E A,
oj= A F7F ofe] wi/) WMo whel gepAER o] HI A A A4
gt ®7] & (Hill et al, 2008)

H-th8] 522 B4l A5 Fee &8 A+ (Worasinchai et al.,, 2016)°14 = &
7] QA Back ARA E=AVF dAIsks ARl A7E 7 AlFe] B Aol
= AYE AN o] A WAV HT 2E Y A=, Fstet w7195 v
2 Ao wet A7 FE Aol detd F ke EAHE AYa
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Table 4 Turbine rpm at tip speed ratio 1

F4H] 1] ¥+ HRl rpm

E5 (m/s) £ FIRPM

2 195

4 385

6 575

8 765

10 955

12 1150

14 1340

16 1530

18 1720

20 1910
W (Lunt, 2005) 4% F9 el 37] dobd ma Aol F5u] o
wgats] gAAE R Feol BasTE o fE F&Hu7E 1o B AHol
A7k FE Aol TANA 4 WHomE ol ATANE HA AT

g AR e Aog T lo] B AdS A% B Ao Rk
th FbHOR 7 ko] meh F&us} 1o St e rpmE Table 42 49
sheie.

e
a
N
>
oo
0%
I

ol A= HHlY A rpmyt T dA TEHS AASAT o= T
Eol 18m/s7k dolM= AlFlel F5 AFAT9M Eo2 =2 F s A9
Aol WA el A F52 18m/s= Gt o BNl A rpme =
© 2,000rpm o2 AT 18m/se] F&HolA FEH87F 10] H7] A=
Hlo] #4 1,720rpme.= 3] sfiof st AAMA 0281 EelvE e AFelA
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2,000rpm ol A Eelol=e] wEs AFEsdr] wWiel dA rpm= 2000rpm

Ao z= ghte] Egol=rt ol R 7% 0~60% Alolo] ¢

—

0 A% 5 HHlo uA4d5

Asta AE7|7F BF rpmol] =E3 &
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Figure 33 Vertical axis turbine operating characteristics
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3-2. &E[CIElof ME &4

The effect of solidity
T I

1800 I I \ i
-y =(0.281-1stage-13.24m/s
By =0.281-2stage-14.67m/s
1600 - 'y = 0.372-1stage-8.87m/s / -
= my = ().372-2stage-10.03m/s |
---1265RPM,112sec "
1400 - --1401RPM, 200sec ,‘ ) -
---847RPM, 80sec | 663 e
- - 955RPM, 134sec 39% { 4.611115/ L
44m/s/ | o |
/f f‘: /.-»" :
1000 ) P
E |
& |
800 .
[}
600 |
I
400 |
[}
200 |-
[}
0 -~ | | \ | | | | \ ! I
0 20 40 60 80 100 120 140 160 180 200

FIG 34= 2709 &2d¥E 7FAasls 1, 21 Hylo]l &1 1o 243

EYYEE /AL s B, BE, — —)EY 6 =2 f5004 F50 1

g T3k oA oAl 2 EelTEe] Bl 7o g
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EH| 1 o =9atsl7] Wil

ojF e A2 AA dAFE Tl & F kol EYUYEI AA= A5(old

i

Aol Ee) dol2 WARAS) B4 EaA AW Beol=st o Be
A AUASH 45 g2 T 5 gon EetE FrHase] o] FhE
44 23 AFE 3 A2 5 e A A4 dde A & 5 A
ok (Li S, Li Y, 2010)

ST B2 A7t 1E 54

214 3k ek,

oL
o
)
=2
il
o
o
-
—_>i"4
2
rO
)
o
—
sV
=
@)
O
[@))
=2

Table 5 1-Stage turbine self starting characteristics

27F s A
- h=Rs 4 (m/s) EH rpm | A7 T o H
Al ZH(sec)
0.181 18 - 295
0.281 13.24 112 1265
0.372 8.87 30 847 O

Table 6 2-Stage turbine self starting characteristics

HH rpm | A7F E ol

% oy
o0y | §2 /) A% T |

A ZH(sec
0.181 18 - 200
0.281 14.67 200 1401
0.372 10.03 134 955 O
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3-3. 1,2t HElY WE S

The effect of multi stage

1800 : ' I \ \ \ T T
-@y=0.281-1stage-13.24m/s
===y = (),281-2stage-14.67m/s
1600 1 Y =0.372-1stage-8.87Tm/s N
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Figure 35 Turbine self starting characteristics by multi stage
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Table 7 0.181 Solidity turbine self starting characteristics

& ERl G| A TE a4
E] Rl (m/s) Al 7k (sec)
0.181 1%t 18 - 295 A
0.181 2%+ 18 - 200
Table 8 0.281 Solidity turbine self starting characteristics
ga | RE | A TE a9y
= Bl A7F -5 AR
=25 | (m/s) A7k (sec) o .
0.281 1 13.24 112 1265 0]
0.281 2%t 14.67 200 1401 O
Table 9 0.372 Solidity turbine self starting characteristics
B | w5 | A 7wy
e = Bl rpm | A7F THE AR
2% | (/) X7k (sec) P B
0.372 1 8.87 80 847 O
0.372 2t 10.03 134 955 0]
o &

22 £ UE0.28D9 4% 19 EHlo]l 2tk BNl Hs| 1.43m/s

o o

4Gz

R T =

oA F&Eu 1o =g dloem

8% mwW=A A7t FEHJTE Z EEdE
(0.372)¢] 7S 1w gulo] 2vk Eldlo] Hl& 1.16 m/s @&

ol A Fl 1

of Eastgon] 54% we A7k FEo| HUck
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Figure 36 Self starting characteristics according to load
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2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16
2020-11-16

A2k
15:31:04.404870
15:31:04.405070
15:31:04.405270
15:31:04.405470
15:31:04.405670
15:31:04.405870
15:31:04.406070
15:31:04.406270
15:31:04.406470
15:31:04.406670
15:31:04.406870
15:31:04.407070
15:31:04.407270
15:31:04.407470
15:31:04.407670
15:31:04.407870
15:31:04.408070
15:31:04.408270
15:31:04.408470
15:31:04.408670
15:31:04.408870
15:31:04.409070
15:31:04.409270

rpm-— 7 F

6.160297E-4
1.073563E-3
4.818695E-5
6.599028E-4
1.777333E-4
71.814938E-4
4.066925E-4
2.150733E-4
4.355234E-4
8. 795075E-4
6.423535E-4
5.332976E-4
3.866363E-4
8.742540E-4
7.351137E-4
3.502843E-4
7.401278E-4
7.890149E-4
3.615660E-4
8.529442E-4
8.115782E-4
5.608750E-4
6.849731E-4
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Torque—7 %
-1.776550E-4
-2.026940E-4
-2.465123E-4
-1.438523E-4
-2.440084E-4
-2.352448E-4
-1.025378E-4
-2.252291E-4
-1.638835E-4
-1.876706E-4
-1.326847E-4
-1.926784E-4
-3.066060E-4
-1.588757E-4
-2.42'1565E-4
-2.415045E-4
-2.477643E-4
-2.252291E-4
-1.037898E-4
-1.551198E-4
-2.177174E-4
-1.964342E-4
-2.102057E-4



C. A% Oo|le #Az2| Malab A=

@2 raw H°]E = MatLab& ©]-&3to] A4k skslom &3} 2o

clear

datal = xlsread('0.281-1stage-850rpm.x1lsx"',1,"A:A");

filename = '0.281-2stage-930rpm.txt'

fileID = fopen(filename);

C = textscan (filelID, "$s %s %f %f£');

whos C

filename = 'lstage-0.372-590rpm-8.txt"'

fileID = fopen(filename) ;

D = textscan (filelID, "%s %s %f %f');

whos D

filename = '"2stage-0.372-660rpm. txt'

fileID = fopen(filename) ;

E = textscan(filelID, '%s %s Sf Sf');

whos E

A2= (C{3});

RPM2 = 1000* (A2-0.0016) ;
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A3= (D{3});

RPM3 = 1000* (A3-0.0016) ;

Ad= (E{3});

RPM4 = 1000* (A4-0.0016) ;

r=size(datal,l);

(1/5000) *r;

Q
Il

be
I

linspace (0 , c, x);

RPM1 = 1000* (datal-0.0016);

M1 = max (RPM1, [], 'all');
M2 = max (RPM2, [], 'all');
M3 = max (RPM3, [], 'all');
M4 = max (RPM4, [], 'all');

K21 = find (RPM1>1,1);

K22 = find (RPM2>1,1);
K23 = find (RPM3>1,1);
K24 = find (RPM4>1,1);

RPM2 (1:K22,:) = [1;
RPM3 (1:K23,:)

I
—_
—
<

RPM4 (1:K24,:)

Il
—_
—
<

K1 = find (RPM1>1264.99,1);
K2 = find (RPM2>1400.99,1);
K3 = find (RPM3>846.99,1);
find (RPM4>954.99,1) ;

K4
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K5 find (RPM1>474.3,1);
Kb6 find (RPM2>525.3,1)
K7 = £find (RPM3>317.6,1);
K8 = find (RPM4>358.1,1)

pl=plot (X,RPM1, '-s', "MarkerFaceColor','b");
pl.MarkerSize =12;

pl.MarkerIndices = 1:15000:1ength (RPM1) ;
title('The effect of solidity', 'FontSize',20);
xlabel ('TIME, sec', "FontSize',20);

ylabel ('RPM', 'FontSize',20);

set (gca, 'FontSize',20);

hold on

[numRows?2, numCols?2] = size (RPM2) ;

c2

(1/5000) *numRows?2;

X2 = linspace (0 , c2, numRows2) ;

y2 RPM2;
P2

p2.MarkerSize =15;

plot (X2,RPM2, '-s', '"MarkerFaceColor','r'");

p2.MarkerIndices = 1:15000:1length (RPM2) ;

[numRows3, numCols3] = size (RPM3) ;

c3

(1/5000) *numRows3;

X3 = linspace (0 , c3, numRows3) ;

y3 = RPM3;

p3 = plot (X3,RPM3, '--"', "LineWidth', 8);

p3.MarkerSize =15;

p3.MarkerIndices = 1:15000:1length (RPM3) ;

[numRows4, numCols4] = size (RPM4) ;

_6"_



c4d = (1/5000) *numRows4;

X4 = linspace (0 , c4, numRows4) ;

y4 = RPM4;

p4 = plot (X4,RPM4, '--"', "LinewWidth', 8);

p4.MarkerSize =15;
p4.MarkerIndices = 1:15000:1ength (RPM4) ;

x11 = [K1/5000 K1/5000];

y1l = [1265 0];

line(x11,y11, 'Color', 'k', 'LineStyle', '=-=');
x22 = [K2/5000 K2/50001;

y22 = [1401 0],

line (x22,y22,'Color', 'k', 'LineStyle', '-=');
%33 = [K3/5000 K3/5000];

y33 = [847 01;

line (x33,y33, 'Color', 'k', 'LineStyle', '-=');
x44 = [K4/5000 K4/500017;

y44 = [955 0];

line (x44,vy44, 'Color', 'k', 'LineStyle', '-=');
$x55 = [K5/5000 K5/50007];

sy55 = [474.3 0],

%$line (x55,y55, 'Color', 'blue', 'LineStyle', '-=-");

$x66 = [K6/5000 K6/5000];
%y66 [525.3 01,
%$line (x66,y66, 'Color', 'blue', 'LineStyle', '--");

%$x77 = [K7/5000 K7/5000];
sy77 = [317.6 0];
$line(x77,y77,'Color', 'blue', 'LineStyle', '--");

\o

sx88 = [K8/5000 K8/50007;
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%y88 = [358.1 0];
%line (x88,y88, 'Color', 'blue', 'LineStyle', '--");

legend({'y = 0.281-1stage-13.24m/s','y = 0.281-2stage-14.67m/s', 'y =
0.372-1stage-8.87m/s', 'y = 0.372-2stage-10.03m/s', '1265RPM, 112sec’',
'1401RPM, 200sec’', '847RPM, 80sec', '955RPM, 134sec’
}, 'Location', "'northwest"');

lgd = legend;

lgd.FontSize = 20;

hold off
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