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Design of a Propeller Type Rim—Driven Axial—Flow Turbine for a

Micro—Hydropower System
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Korea Electrotechnology Research Institute'

Foundation for Industry Cooperation, University of Ulsan®

UlsanLab Inc?

This is an Open—Access article distributed under the terms of the Creative Commons Attribution Non—Commercial License(http://creativecommons, org/licenses/by—nc/3.0)
which permits unrestricted non—commercial use, distribution, and reproduction in any medium, provided the original work is properly cited,

A design method for a propeller type rim—driven axial—flow turbine for a micro—hydropower system is presented, The turbine consists
of pre—stator, impeller and post—stator, where the pre—stator plays a role as a guide vane to provide circumferential velocity to the
on—coming flow, and the impeller as a rotational power generator by absorbing angular momentum of the flow. BEM(Blade Element
Method), which is based on the turbine Euler equation, is employed to design the pre—stator and impeller blades, NACA 66 thickness
form and a=0.8 mean camber line, which is widely accepted as a marine propeller blade section, is used for the pre—stator and turbine
blade section, A CFD method, derived from the discretization of the RANS equations, is applied for the analysis of the designed turbine
system, The design conditions of the turbine is confirmed by the CFD calculation, Turbine characteristic curve is calculated by the CFD
method, in order to provide the performance characteristics at off—design operation conditions, The proposed procedures for the design
of a propeller type rim—driven axial—flow turbine are established and confirmed by the CFD analysis,

Keywords : Micro—hydropower system(O{0|3.2 _1 SIAAAED - Turbine design method(E{E! AAIH), Propeller type rim—driven

axial—flow turbine(Z2H2 3 2515 FF Eft), Computational Fluid Dynamics(CFD, TARAS!)
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Fig. 1 Selection of turbine types depending on water head
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2M7|o| RHZQI, WEIE 100% JHE=0] REO| 0.66
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Turhine HeX|
Fig. 2 A conceptual diagram of the arrangement of water
source, distribution tank, pipelines and turbine.
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Table 1 Turbine design conditions.

Table 2 Basic design parameters for the turbine.

ltem Value

Propeller type rim—driven

Turbine type axial-flow turbine

Pre—stator(7)+ Impeller(6)+
Post-stator(5)

Turbine configuration
(Number of blades)

ltem Value

Pipe diameter [m] 1.0
Flow rate [m?/s] 0.660
Flow velocity [m/s] 0.840
Effective head [m] 6.0
Friction coefficient 0.008
Assumed Power [kW] 27.2

NACAB6 thickness form +
a=0.8 camber line

Section type of
Pre—stator and Impeller

hy=hy—h,—h, (1)
hy=hy=h,+h, 2
Ah=h,—h, (3)

AN AKX 2RE diX(7EK|e] 220 thet R0t F55101
ot EEA(R,) FHO| 021R20] ACH, FHIS 6.36 M2
2 M-™siict Bl HollMe] (b, )= HiTX| oM 2] =
2I(h,= dm)2t Y=ol o5 pFEA(p, )R] RICE ANEICE M
B 100% 7HEFAE A E{EI0] RM=EE h & 0mZ FH3IICE

OpE FE4(h )2 A (4)ol 25101 Fetot oA/ =
0.008(Moody diagram)22 FX5}0{ Oj&t 52412 864 m
2 ALk

2
hy = fﬁg—g (4)

OlEA ArE &
2 FHsIoAct At —’Fe—d.Ei._'% TETF 40| dixez A
ooz Z2EeY §7S 5§ Blez MEsKICL 4 (5)=2
£E Elel 282 70%= 71Hsio] UM &2
FdsIct.

Power= pg q Ah X1, (5)

Eltlel X2 &ze| (1.0 mEck 22 HE(0.7
ABeEe=M Bl AESRES S7HIF dEE TsE St
AlZiet Ee 3T LT ARl 2700 w2t 500
PMeE MESFC) Tx ok

8 57t yue Holyel &
U2 203 528 wxlsIgIon, 5= KL el Yol 50
%2 MEBIICE MR U gEeiel P cisie Myt Tz

He| ciHoz o] &2z|1 UE NACABE TH sammt
a=0.8 A Yats ARESIGICE AY| =718 12{s Hile| 7|
EX S Table 20 2%t

Section type of

Post-stator NACADO12
Turbine diameter [m] 0.7
Impeller speed [rpm] 500

Hub ratio [ra/R] 0.5

DRy YTE 55 EYS MRDHY g o F7
DH THECH HRWHE FURC SN ST YA
7= 710|E H|ol odste cithsin] olmp|= =

A

=
2k (Angular momentum)e S4510{ 7o

(Shaft rotational power)2 Sgoks AN AStS HESHC|
ETs WHI= 7(0i7) gle AFTE dalo|E2, ENT|e

3|M4=ef Qe BIK = st
Dl = FA E{
Hp{ g, S2Y 5
BlolMnt 71Xz %
i et EfEl &
x|et HHE ZFshke =]
Element Method)& ARSsto{ MAGIRACE TRH= FE2

— TTo=
Wollotx| L1 EHIS XXk #ojFE dRg 5 UEH
HA (A
W &t
Ul
Bl "’Clx iy
Cl
wy
U
W,
sz = Clxw
B-

UZ
Fig. 3 Velocity triangle for an axial flow hydraulic turbine
(Sayers, 1990)
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82 HoiZECL of7ollM C= Ymel fls=s MUST,
Ulwr =2rnr)s AP 3|F0| o8t Wiz}t Lyls At
SEE, e RYSE CotENSE ol HEBlel AsE
olck ORNEAF 12 Tl Wi ot o= E70 LY S
LIERHDY, QIEX} o= SEbsE 1= FMalst 52 w5l

Tt =20|M JET 8 SRf0| AP EfHlo| ¢qe} 79
oz HEo| 27| HE | Hriszo| Zuist MEe ool &
TolM EUslod (0r = ¢F), Doel s|Fo| ofF HMukst &
T UE 7R ET0M 37|7F SLSICH U= 1, = 1) ‘DN
Sitof| A X*EHA'ZOI MY 257} QU E(Cl =0) MAE
A2, 7t HiollMe| ET= ZteE2 BEHE | ol clemt
20| &t 2= Qlck of7|M o2 |Folch
dQ=pq(Cl—Cy)rdr=pqC}rdr 6)

= EfHlo] B3k SMnfRe,

I "
PoweT:/ wdQ:/ pquhM r
Ry Ry fm
07N, f£(r)2 32 B20IMe| AlARtE Z=HET| s T2
1 0 -
slolony, f = / () dr 22 H3 St
RU*RH R

AD| AloZEE| 7} Uiz EfEl 2P WHAl (7)2 98
% 9lct
Ap L) Uct Jg=U(U-C* )/ 7)

T = 1/9= 1 cotBy)/g

of7|M, cot 8, =(U—C)/CF
tan B, = CQ‘T/U

_Q/( ( [-[)) RHE 512 diA

A (7)ol 22| 5= MAl RETF (Ah) F 2ok 71y

siglon, HHEE 7184| f()/fms S5104 512 F2olM mXIgf
o| TP S7IEX| LEE FHSICE 0|'E|'|——| Table 30iA{ &
He| yid o STARIOR He| AME g, 6,312 BCh

Table 3 Calculated pitch and camber values by Blade
Element Method for the turbine impeller. (Ah=6m)
v [ g s ] o
[m/s] S [m/s] | [deg] | [deg]
05| 9.16 | 0.816 | 5.24 |28.84 | 13.26 | 0.0273 | 0.509
061 1.02 | 546 |[21.31]11.11 ]0.0176 | 0.475
0711 1.02 468 | 14.84 | 9.55 |0.0091 | 0.432
0.8 1466 | 1.02 410 | 11.55 | 8.38 | 0.0055 | 0.412
1 1
1 1

r/R flc | PID

Bz
\
Fig. 4 Local coordinate system for the calculation of pitch
and camber of the impeller blade.

Fig. 4= 2lo| BFAolM 22 ZpEA|(¢,n)t re] Loy ot
Mol e HAS HoiFT UrCt 7l chro| et T|X|gfe
ALt PH2 k23t 2otk 5 a=0.8 28 ool 2l okdn}
Sigdo| M ZEFtEACIM2] 7127| (Brocket, 1966)2 FE{ Al
(8)2 Tk 07IM fy= ABEL c= K el 2= 2
0|, p= Tx[Z}o|ny. g, 2}t g,= Table 30iAf ALK Zholct.

at leading edge, tan(B,—¢) = 7.1485*f,/c
at trailing edge, tan(¢—3,) = 3.0025*f,/c 8)

7Mooz HHEL(f,/c) 2t ZRIGHP/D)S cE2t 2ol 7+t

=+ RACH

B, — 3, = atan(7.1485 L) + atan (3.0025 ﬁ) 9)
B Jfo fo
20 = (61+62)—(atan(7.14857)—atan(3 0025—))
P/D:ﬂ%tanqﬁ (10)
c [}

fo

0.9]16.43 .02 | 3.64 | 953 | 7.46 |0.0036 | 0.401 Fig. 5 Local coordinate system for the calculation of pitch
11833 | 1.02 | 3.28 | 8.16 | 6.72 |0.0025 | 0.394 and camber of the pre-stator blade.
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(€.n)2 ECE 0] A AL (Q), (100M 3, = g

(Cp/ )7t Elck o7 IM g, = MRPH el Sidolxel &
HiZZto|oy, BB Z7H o koA R A« in Fig.
3)at &t

MEPHE A ot 22 IS HA a=0.8 2ol
ohstod, A (11), (12)2F 2ol ZEZH f,/c)2t TIXIZHP/D)S
t

N
T8 4 9

By, =a =atan

%—a: atan (7.1485 %) + atan (3.0025 %) (1)

20=( %—Fa) — (atan(7.1485 f,/c) —atan (3.0025 f,/c))

P/D:w%tan &, (12)

=]
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AT|of 22 wHo = AIASE QlEinio| HiAE ZHHZH £,/ c)
| X|gHP/D)2 Table 3, MFE7He| ZAulgtS Table 40 2+

FfH|EolM A JHsME FFEHAM = U E 12fsio] Z
Moot ETS E{Ele] A EfHl Eiz{o] 3N} Hdgts sh=
gloj| =7 B&k=lo] 2222, 0|R0oMel Z= Zo|= Ef
Zoletel 7ol #|AsleETE ZYEICE SR HHEel I3
E Zolz F3|Mof| ofst HMutst £271 Moo FliH|E|0]
M 2 QS Mol Moz|z) o A=, YN HIER ZoX|EE
siict MFEEviel = Zol= 2R Bist glol 200 mmE
MHsICE

Dl == FASHEEIoAM MEE MFEIE 771, E{E] QH
B 67ll, RN S22 MHSIQUCE R Yl elEz
53 =0 zao Hiks = CHRIEHHQl NACA0012 &t
He ARRSI9ien, zZE= Zo| 1949 mm, Ix[Zk 90°

(P/D=c0)2 HA=CE B FHRA 9| 7|2y
Table 501 FzlsiR o], EHEl @i} MFEIN2| 25 HA
Adats 217t Table 61t Table 70l F2ISIICt

Table 4 Calculated pitch and camber values by Blade
Element Method for the pre—stator.

r U Fr) (o4 @
7| sl | Fe | Gm/s] | ldeq) | PC | PP
0.5 9.16 1.00 6.42 18.57 | 0.151 | 1.462

06 | 11.00 1.00 5.35 21.96 | 0.141 | 1.875
0.7 | 12.83 1.00 4.59 2519 | 0.131 | 2.336
0.8 | 14.66 1.00 4.01 28.26 | 0.123 | 2.848
09 | 16.49 1.00 3.57 3117 | 0.116 | 3.412
1.0 | 18.33 1.00 3.21 33.90 | 0.109 | 4.027

iy

MAE R, e % SREINO 3R HH2 F
6, 7, 80l 242t Bk MR & =R Bl AHD
L 52 S 9| F ztzet Zekeh Bl A|AE9| 2R3 £H

Fig. 9of £t

«Q

mo mn

Table 5 Basic geometries of the pre—stator, turbine
impeller and post-stator.

Pre—stator ;ngllzleer Post-stator
Diameter [mm] 700 700 700
rpm - 500 -
No. of blade 7 6 5
Hub ratio 0.5 0.5 0.5
Mean pitch ratio 3.480 0.4015 00
Ae/Ao 0.6366 0.7503 0.4431
. NACA66 + | NACA6B6 +
Section type 2=0 8 4=0.8 NACA0012

Table 6 Geometry of the designed turbine impeller blade.

/R t/D ¢,/D f,le P/D
0.5 0.0250 0.3571 0.0273 0.509
0.6 0.0250 0.3714 0.0176 0.475
0.7 0.0250 0.3857 0.0091 0.432
0.8 0.0250 0.4000 0.0055 0.412
0.9 0.0250 0.4143 0.0036 0.401
1.0 0.0250 0.4286 0.0025 0.394

Table 7 Geometry of the designed pre-stator blade.

r/R t/D ¢,/ D £l P/D
0.5 0.0250 0.2857 0.151 1.462
0.6 0.0250 0.2857 0.141 1.875
0.7 0.0250 0.2857 0.131 2.336
0.8 0.0250 0.2857 0.123 2.848
0.9 0.0250 0.2857 0.116 3.412
1.0 0.0250 0.2857 0.109 4.027

Fig. 6 3D modelling of the pre-stator.
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Fig. 7 3D modelling of the turbine impeller.

o0 Fo

Fig. 9 2D drawing of the turbine system.
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HAEH 2| (computational domain )E Fig. 100]| E°| HFSEF z
O| EfHl AR 3 5ROl 2IM H2E EehsIgiend, il od
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Table 8 Performance analysis conditions for CFD calculation.

[tem Value
Upstream pressure [kPa] 160
100

Downstream pressure [kPa] (Atm. press.)

Impeller rotation speed [rpm] 500
Designed flow rate [m®/s] 0.66
Designed power [KW] 27.2
Dia=0.7m
h. !
-1 ?
INLET x=-0095 x=+0034 QUTLET
_0.BBmYs . Atm

Fig. 10 Computational domain and boundary conditions.
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Fig. 112 B8l SEMH(y">0.2) 3 Clekst fxlofMo| 7
H AXE 2o{F1 U], AR A7t =20{ FAHH It
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Fig. 17 Sequential rotation speed variation test for the
off-design performance analysis.

Table 9 Calculated off-design performance of the designed
turbine by the rotation speed variation test.

A
[mg}s] om [kPF;] P([):lv(\a/r]’ L I "
11 0.66 | 500 56 27.6
2| 0.66 | 400 78 38.1
31 0.66 | 300 96 28.6 10.132]3.77(0.223| 0.449
41 0.66 | 400 78 38.1 10.099(1.7210.126| 0.736
51 0.66 | 500 56 27.6 10.079(0.7910.047| 0.743
6 | 0.66 | 600 30 7.2 10.066(0.290.007| 0.362
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