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A Study on High Performance and Site Optimization in
Hydro Tubular Turbine

Yeong Ho, Hwang

Department of Mechanical Engineering
Graduate School of Korea Maritime University

Abstract

The world is now facing a serious energy problem. Mass consumption of
fossils fuels such as oil and coal cause global warming and other environmental
problems due to acid rain. To deal with this problem, hydropower should be the
focus of the electric power generation systems, as clean and cool energy sources
with the highest energy density. However, as any suitable type of turbine has not
been determined yet for the range of small hydropower at this stage, we shall need
further study of the most effective turbine type.

According to the recent study results related to the small hydropower
development, wasted energy by pressure reducing valve at the end of the pipeline
can be extracted by a small hydropower turbine.

The main concept of using the small hydropower turbine is based on using the

different water pressure levels in pipe lines. A propeller type hydropower turbine,



which is called as tubular turbine, has been used in order to use this renewable

differential pressure energy.

Conventionally, tubular turbines have been used in the range of relatively low
head of below 20m. However, in order to widen the operating range of the turbine,
the present study is focused on the developing a new design of tubular turbine
which can be used in the head range of 1.5m~20m.

Moreover, this study aims to propose the optimum design of the tubular
turbines using differential pressure in marine small hydro power plants, water
supply systems, and wastewater hydro power plants. The reliability of the proposed
design  method can be acquired by theoretical analysis, CFD analysis and
experimenting with tubular turbine models.

According to the present study, the results are obtained as follows.

(1) Operational range of tubular turbine head using differential pressure in the
water supply system can be extended to over 10m by the adoption of

variable vane angle and number of turbine runners.

(2) An optimum design method for the best turbine efficiency by changing an
opening angle of the runner vane is inconsistent with those of CFD

analysis for the tubular turbine efficiency.

(3) Under 10m of the hydraulic head range, the optimum operational condition
can be obtained by using 4 pieces of runner vane according to the present
design method, and more than 10m of the hydraulic head range, using 5

pieces of runner vane is more efficient.
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(4) Application of servo motors for the variation of runner vane opening angle
allows extension operational condition of the tubular turbine for the

expected small hydropower resources.

(5) It is found that a tubular turbine can be used for a low head under 1.5m
as operating marine small hydro power plant. The tubular turbine efficiency
under the hydraulic head of 19.5m from a wastewater hydro power plant is

also verified.

(6) This study shows that a tubular turbine can be used under the head from
1.5m to 20m and at 2.5m%sec. Five types of the tubular turbines can be
standardized for all conditions. If necessary, an operational range of tubular

turbines can be extended by parallel-serial conversion.



Nomenclature

b : width of nozzle, runner and runner chamber [m]
C : coefficient dependent upon the nozzle [ -]
C, : pressure coefficient(:p—p7,ef/2ng) [ -]
d : diameter of runner [m]
H : effective head [m]
L : electrical load [kW]
N : rotational speed [min™]
N, : unit rotational speed (=N/H'?) [ -]
N, : unit rotational speed under no load condition [ -]
P : output power [W]
P, : unit output power (=P/H’?) [ -]
p : static pressure [Pa]
pref - reference static pressure at draft tube outlet [Pa]

_Vi_



O : volume flow rate

Q. : unit volume flow rate (=0/H"”)

Quo > unit volume flow rate under no load condition
u : absolute velocity

v : fluid velocity

n : efficiency

6 : runner vane angle

p . density of working fluid

- vii -

[m/s]

[m/s]

[deg]

[kg/m’]
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Fig.1.1 Supply ratio of renewable energy in total energy

(2010. Survey of energy resources world energy council)
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Fig.1.2 Accumulation worldwide hydropower
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Table 1.59] EFH=E

m

5t
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Table 1.3 Category of hydro power plantl3J
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Table 1.4 Method of effective head calculation"’
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Table 1.5 Comparison of the turbine's characteristic'’
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Table 1.7 Potentional distribution of small hydropower

13]

T = A4 | A=) 5 4
A ntald 120 | 1,412,500 | 7FsRZ o]-83) 7t
shrE A 2 % 63 5,300 | o8& 70~80%
FETR 58 2,500 | o8& 90%
98 AT 163 48,000 | A5 3uhmoPd Al g F
TYE =2 18,252 | 5,000 | o]&& 40%
O R 82/ 6 6,744 | o8& 60%
ﬂi‘iﬁg ij;]% 5| 2530 || 10956 | clg7lee Susie)

3 1,500,000

Table 1.8 The amount of hydropower resources using existing

facilities.

TR | ARF NFeRRW| Saanm | M =
FHLAFA | 180 30,064 92,176

THEH 232 46,843 164,137 1F 3m 7H4
el o] 20 15,800 55,363

S ol | 129 8,442 66,558 | &Y 6m 7H4
A5 ol & 70 17,641 131,360 |F&a 10m 714
8}2—?% 59 8,385 62,437 | A 5m 7HA
SESE e 24,122 126,785 | 7FE& 60% 7H4

& A 691 151,297 698,816
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Fig.2.6 Installed turbine system for test in 5kW class
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Fig.2.11 Schematic view of tubular turbine

_49_

@Flelectimn



100 | 9 P T O :\ =] I = e
\ Serial | Serialiparaliel |
7 el arrangement | arrangement ||
E f
3 E
< 10
2
Parallel |\
E arraﬂgaer?'lent! U
; \\\ HF , | 100K
BKW KW 10KW 30KW :
0.01 0.1 1 10
Turbine flow rate [m3s]
(a) FUJI Electric - Japan
50
ao | ™
§ N W
30 - &
™ \\\ N Pataljel
20
™ \\‘ &y v_":@
P B .,
=1 7= = 7 N .
o Typ=S7 % L > Parradibeit
% 4 A :;!f 7
: 4 é%{ 7 HRCEw /
e ANIERINY |
- / K 4 »d A
5 ™~ / (e Vi \\/\
‘\\ ™
R \\ N
/:.’;,_ | \ \
1 S | \

006 (08 | 0.2 D3 0405 1.0 2.0 3.0 4.0 5.0 10.0
Discharge (m’/s)

(b) TOSHIBA - Japan

Fig.2.12 Hydraulic turbine type selection table

_50_



2.3.1 AYx =4 (H < 5m)

A

3R

i

AFSEAA =] 4

A

=

Sls

Nel =

golvA&

CE

=
=

# 23}
al

Ao AF= &

AHed o]

&

1 9

S

3HRPS)o| thH]

I
-

17 A ol L 4] &<

700 ~ 800 <%

ok
=1

AN ¢G5l

blo

= Agry 7], EAF

HA B E A

o] Fulo] o}t Mol o]

k!

el
T
o
ol

o

B

H7e 5 27

& A3

ol
!

T0
o

ﬁo
B

ol

o

il

|

Fig.2.139] H.0]

Ko

&

Al
Ao} o] ) Hxe| 2ubE g

[e)

AE A FEY ¢k 3009719

25

CER

T
S

Az AREAT. -l Kol

]
sto] FA g A AHEE L

}od 5.5m’/secE

1A=k}

o
o =

Fol

29 A7],

5

bol Abg:

5]

e A4

ted 2t&

5|

g 9

345

)
=

a&

29}

b Abo] =

x

3¢l

o

2.27Im= il

Fele

_51_



(b) Check point

Fig.2.13 View of Hangwonri before installation
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CONE®E /e o wE F3F o ¢+2 dolg

4
e

10% | 20% | 30% | 40% | 50% | 60% | 70% | 80%

Ho
off

(m°/h) | 216 | 433 | 650 | 866 | 1083 | 1300 | 1516 | 1733

Z(m®’/s) | 0.06 | 0.12 | 0.18 | 0.24 | 0.3 | 0.36 | 0.42 | 0.48

Jo

o

Hkg/cm®)| 3.83 | 3.72 | 3.51 | 3.18 | 2.84 | 2.31 | 1.87 | 1.31

rJ
I

T5(m) |38.30(37.20|35.10(31.80|28.40|23.10|18.70| 13.10

(a) Measuring data

y =-99.041x° — 7.6885x + 39.38

0 0.1 0.2 0.3 0.4 0.5 0.6
T2 m/sec)

(b) Curve by data

Fg.2.16 Characteristic curve by flow rate and efficiency head(2007.03)
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CONEMIH. Aol me 2 of &g o]e)

-
10% 20% 30% 40% 50%

-‘r’r%‘:(mg/h) 850 1,452 1,854 2,052 2,100
FrEE(m®/s) 0.24 0.40 0.52 0.57 0.58
ASHkg/cm?) 4.25 3.45 2.65 2.21 2.10

TF(m) 42.50 34.50 26.50 22.10 21.00

(a) Measuring data
Y-S5 A=

50.00

45.00 |

40.00
3500
=
UF 30.00
<k

25.00 |

y = —76.85x° + 0.429x + 46.787

20.00 |

15.00 |

10.00

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
F2(m/sec)

(b) Curve by data

Fig.2.17 Characteristic curve by flow rate and efficiency
head(2007.10)
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Fig.2.18 Sectional view of middle head power plant (serial

arrangement)
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Q=0.3m/s, H=12.28m (17]9 ALYz
Q. = @<1.1=0.315m"/s

@ &7 <739 AA
ny, = 150rpm, @, =11901/s

315
D, = =0.2748m
! \/1190x V12.28
D, =0.280m

© 27i o A

1O
H V1228
=y, X L = 150 x Y222~ 1911
=t Xy = 0 o196 =2
np = 1900rpm

n; =nx2.3=4370rpm

@ o=
TAREE 1, =80%,

P=09.8x0.3x12.28 X0.80 =28.7k W (5=} 1713)
W7 - 45 FEEHEY

n, = 90%, n, = 1800rpm

P, =30kW

- 3% TP

n=n, xn,xn, = 0.8x0.97x0.9= 70%
= (9.8 X QX HXn, Xn,xn,) <2

= (9.8 0.3X12.28 0.8 X0.97 %0.9) X 2 = 50.4k W
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o

A A AP #(Q) = 140,000m' /L (1.620m'/sec)
F2A5=(C) = 130(SP)

F4(V) = 1.620 or 0.810m/sec

(rxD?)/(4xQ)

2#E2(h) = 0.060 or 0.598m
= 10.666x C ¥ x D18 Q% x [
<UL (h1) = 0.052m
= f,XLxXV?/(Dx2g)
32 (hb) = 0.075 or 0.106m
= f,<XLXV?*/(Dx2g)
T
o e ®F [GAALRE [AF [
(m'/sec)| (m') |[(m/sec)| (f)
o D800 0.810 [ 0.503 | 1.611 | 0.031 | 0.060
D1,200 1.620 | 1.131 | 1.432 [ 0.039 | 0.598
| D1,200 1.620 | 1.131 | 1.432 | 0.500 | 0.052
11+1/4| 0.810 | 0.503 | 1.611 | 0.030 -
D800 | 22+1/2| 0.810 | 0.503 | 1.611 | 0.045 -
g 45 0.810 | 0.503 | 1.611 | 0.284 | 0.075
11+1/4 | 1.620 | 1.131 | 1.432 | 0.030 | 0.003
D1,200| 22+ 1/2 | 1.620 |1.131 | 1.432 | 0.045 | 0.014
45 1.620 | 1.131 | 1.432 | 0.284 | 0.089
ST 0.892
o7 0.089
TEATTF 0.981
T AT = EAFTF + AFFF(EAFTFX10%)
= 0.892+ 0.089= 0.981m
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O = A= _ = X = A= A~ = =L = A~
o FETT = AT - T EHFTF - T

=)

AC

>

z

> 2
[o

4
Jo

ol

o

=2 = T
ZF BEEA wE F£FEA 0.981mE Afstd A
stof. ek &% A& SUME Y ste] &

F7tz sasg

T 18.950m= AAHE o} W ok 7}
W A =
[e)

ol o
ro
2 of
2
o

(rx D)/ (4% Q)
o FEEA
q i (9Ed | 55 | As PPN
(m'/sec)| (m) |(m/sec)| ()
S D800 0.887 | 0.503 | 1.763 | 0.031 | 0.072
D1,200 2.662 | 1.131 | 2.354 | 0.039 | 1.615
s D1,200 2.662 | 1.131 | 2.354 | 0.500 | 0.141
11+ 1/4 | 0.887 | 0.503 | 1.763 | 0.030
D800 | 22+1/2 | 0.887 | 0.503 | 1.763 | 0.045
PP 45 0.887 | 0.503 | 1.763 | 0.284 | 0.090
11+1/4| 2.662 | 1.131 | 2.354 | 0.030 | 0.008
D1,200| 22+ 1/2| 2.662 | 1.131 | 2.354 | 0.045 | 0.038
45 2.662 | 1.131 | 2.354 | 0.284 | 0.241
EAFT 2.205
of Fr 0.221
TEATT 2.426
o Z1¢&21(h) = 0.072 or 1.615m

= 10.666 X C" ¥ x DT Q' x [
o FY¥EA(hl) = 0.141m
= f,XLX V*/(Dx2g)
#&2(hb) = 0.090 or 0.287m = f, X Lx V?/(Dx2g)
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2.205+ 0.221 = 2.426m
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Fig.2.19 1st stage - discharge of wastewater
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Fig.2.20 2nd stage - discharge of wastewater
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Fig.2.21 Daily average wastewater flow in April
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Fig.2.22 Installation range by effective head and flow rate
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Table 2.2 Available turbine for installation

ARG | de7ts TSR | Us7ls T2t | F2kas | v a1
1 7] Francis turbine | 1.9m'/s~2.7m'/s | 50%~84%
&=
2 7] Tubular turbine | 1.3m'/s~2.7m'/s | 78%~83% )
SRS
=
3 7] Tubular turbine | 0.8m'/s~2.7m'/s | 78%~83% )
S
Q(cms)
1
0.9 / Fad
0.8
0.7 Wi
0.6 &
0.5
0.4 /
&
0.3
pog
0.2
0.1
0
0 5 10 15 20 25 30
Degree( °)

Fig.2.23 Performance characteristic curve by runner vane

variation
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Fig.2.24 Sectional view of high head power plant
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ol¢} o] HEZE Tt WA M Fag 45 AAsIGon AAH
AANAE v o] A dAe S EH AT

O A7 A
Q=0.88m"/s, H=165m (17193 AL}

Q. = @<1.1=0.968m"/s

@ 70 273 A U=zt 26°= AA)
ny, = 140rpm, @, =16301/s

968
D, = |—————— =0.382m
4 1630 < v/16.5

D, =0.389m

©® 27l o AA

H 16.
n=mn;; X ——=140X% g 1484rpm

D,, 0.383

np = 1480rpm
n,; =nx2.3 = 3400rpm

=9.8<0.88<16.5<0.83 = 118k W
- HA7] - 110kWH 65 Fr=237]
n, = 93%, n, =1215rpm
- TY A"
n=n,xn, = 0.83x0.93= 77.2%
P= (9.8X QX Hx1, X1,)x3= (9.80.88x16.50.83 < 0.93) X3 = 330k W
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o] A5 3 (coupled formation)o]th. CFX-112 <+& 79k 3k 24 ¥ (finite
volume method)& fully implicit ©]At3}sle] A== WA AS algebraic
multigrid coupled  solverE o]&3sto] 3|43ttt SIMPLE &
segregated HHHol W& implicit coupling WH-2

HFG frEed oA FEAY dHE 9% ¢ i, w2 FYH Y ARE

x

oE g dE FHE gerh

FAZIAN A o] HEoll 9lof ofF et dREAE TR A%
EE Aedte A A Ao SRe feiMs 7H HAlY dRE
A3t o] RS ARgesfol dhrk= a7k .

olg]gh Asale] Aol Aol EAVF MR tEi a7 Ak Wd
REER 7 2] gEelt B2 A, 53] AV AAK oAM=
A dRade @A dA Edol ad F7HAR] VloE sk, ol
FEF e dERdo|t} HAo|wde] AT AjHor FadtA ¢},
ey 1-AA 2oy, 2-g 4wl ARMAIRNS AA FIHAITIA
gorpg s g fs) Ads] Abgets Aol Foh E ATlAM=
Ao dE] AFEHAL AE k—edi RdS A&t A5 AdE
o Axste] EFTd T fre £AS 9% ZE¥2 Fig.d.1d Bol= A
I ol A

Runner vane (4. 5)

0.28m

l.46m

G+

Fig.3.1 Schematic view of micro tubular turbine for CFD
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3.2 AxA7

AFE Axkz7AS ANSYS ICEM CFD 11.0& o] €39 MeshE T43H4%
om HALS Ansys CFX 11.0& o]&3dt}. AXAARZE  Hexa-hedra
AAE z|gste] AA s thalA 1,170,54670¢] A AHrunner vane
1,078,4807) + casing 173,6367)E A-&3th. F+4E A g 2
e, ¥ £0S Fig3.2s ol wolm gtk AW WA 4 Mg
A9k SUE 489 AL rol FRsAgon, AR Wil dae
QA TARYL. R FAE 4L 15% B AEHAL AR
0.38m%/sec 71702 8 S1.0kg/em?S A &3le] FaEEHES 21kWE 7
Fom qEaglon, Mol g A2 PAdUT. ot A5E A4
2o 2% A8 Avoln, AAAH 20 L WESA EonE 244
QAo EEE Ul W HEUT Qen) 248 arz Agee B4
2 FAY 5 Y= o)
Simulation Type Steady State
Turbulence Model k-g Model
Rotational Speed 1500 [rev/min]
\\\&l Fluid Water at 25°C
\r\ Inlet Total pressure
\' : Outlet Volume flow rate
g Variables
: ) The number of 4 5
::@I/-: runner vane

@ i
..‘ .Q' &

Fig.3.2 Computational domain of the turbine model
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3.4 dFEddy

G RE2 gyt MRS =9dtel £4d % g4 (transport
equation)®] & Tet7] T FHolt dE 5ol £E vv WdAEE U
0]
A

b Alghel mE WEAR 42 bk 5

U= U+u
(3.4)
o714,

AME PFY W% scaleBtt AUH oz 2 AlZF scaleo] AW, WA 2S F
= AA ARG 2 AIZE scaleo|th. A Ele] FEWA A AIZF Bd
B %S diYgstd 2(3.6), 2(3.7), 2(3.8)74 T Reynolds Averaged
Navier-Stokes WA 4S 9= + Atk

op . _

TV s (p0)=0 (3.6)
8g’tU+v (pURU)=V » (1= pu®u)+.5,, (3.7)
%+v c (pUp) =V o (IVo—pud)+S; (3.8)

g ale wshrh gloy, Sy A7 A % gols= ¢
FA puRu, 2 Holw=E frd, pudp T, BA FAF frdel IF K5
< dg g5 x3etal o ols A& ¥ Hrst WA A HAdY oiR{3
o2 HE yeghdt o] 3852 turbulent velocity fluctuatlonoﬂ ofst tiF &

molecular levelol] A9 thermal fluctuation®] &3] ©fF7|¥+= E3w) ¢ 3
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= AbAlS yeRdth, 11 glolmEZS5ol A, turbulent velocity fluctuationa
thermal fluctuation®] ¥ AHf-7d Z(mean free path)Bt} & & Zo] ~
ALdS e wgA, 37 52 22 f5EY ZH T34 "ok

Reynolds Averaged Energy A28 21(3.9)3 72t}
oph, — oP
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Fig.3.2 Computational domain of the turbine model
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Fig.3.3 Characteristic curves runner blade 4.
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Fig.3.4 Characteristic curves runner blade 5.
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Table 4.1 : Specifications of test hydro turbine

Type Horizontal axis tubular
Rated output power [kW] 30
Head [m] 2.0
Flow rate [m®/s] 2.75
Rotational speed [min '] 200
Turbine center [EL.m] EL. -3.474

|
| g ul 1w E
;‘lwlr.]'-\'w_!'.‘.l

Fig.4.1 Aerial view of marine small hydropower plant at Jeju Hangwonri.
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Fig.4.2 Cross-sectional view of test tubular turbine.
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Fig.4.3 Distribution of sea level in Seongsanpo (Jeju.)
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Table 4.3 Averaged measured data by minimum output power test

Turbine No. No.1 No.2

Runner blade opening angle [%] 30 30
Ave. inlet pressure [kgf/cm®] 0.51 0.50
Ave. outlet pressure [kgf/cm®] 0.36 0.36
Ave. effective head [m] 1.4 1.4
Ave. generator output power [kW] 15.38 15.04
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Table 4.4 Averaged measured data for the rated and max. output

power tests

Turbine No. No.1 No.2

Runner blade opening angle [%] 70 70
Ave. inlet pressure [kgf/cm’] 0.480 0.464
Ave. outlet pressure [kgf/cmg] 0.359 0.366
Tested effective head [m] 1.29 1.05
Measured generator efficiency [%] 92.48 91.49
Measured generator output power [kW] 16.17 13.28

Turbine ave. output power at the corrected
effective head of 2.0m [kW] 35.38 40.40
Generator ave. output power at the

corrected effective head of 2.0m [kW] 31.09 39.12

Table 4.5¢} Table 4.6¢ AE|g npe} o] Fapddr] 157] 9 257 B
127138 237 AAZHAA DA AAGA 2.0m=2 @l B 187
31.09kW, 2%7] 35.12kW, Hdldx 2.25m=z  3H4ksel S 5
37.19kW, 257] 42.02kWeolu2 HUEE 30kWE BT & U
At 1379 237]19 3 2 wAv)e g8 &
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HAVEHE 110& A Hu, FEl AR dFS VA= M T8
3 24= gk &tk Er]e fm%—&— Azgs A FEHATE S5k
FHa, A4, Ad ARl dF 585 SAHs] 1 gs VIee®m FAEdr] e
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Table 4.5 Generator averaged rated output power test

Ave. output power (kW) at the | Averaged guarantee output
rated head power(kW)
Total No. 1 No. 2 Total No. 1 No. 2
66.21 31.09 35.12 60 30 30

¥ Corrected Head : 2.0m

Table 4.6 Generator averaged max. output power test

Max. output power (Q{f\“at the Max. guarantee output power(kW)
max. head
Total No. 1 No. 2 Total No. 1 No. 2
79.21 37.19 42.02 over 60 30 30

% Corrected Head : 2.25m
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variation at the corrected effective head of 2.0m.
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Fig.5.1 View of tubular turbine arrangement in Japan
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(b) Independence 50kW class X 1 set

Fig.5.2 View of tubular turbine arrangement for test site experiment
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variation (continued)
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Fig.6.1 View of power hydraulic power plant in wastewater

treatment plant

Table 6.1 Calculated flow rate by measured flow velocity

=28 AAA B A4
FRE 1,225mm 1,220mm
W7 T2 7H Fol 360mm 360mm
SR 1.0 0.8
TRl FH(FExgHA) 1,508.2 m’/h 1,317.6 m’/h
W 7ock 0.785 m’/sec
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Fig.6.2 Measuring flow rate using velocity—area method
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Table 8.1 Seletcion table for tubular turbine

Runner dia.

Applicable head

Applicable output

Table color

290mm

2 to 20m

70KW max.

"SS" Type —
"S" Type 390mm 2 to 20m 130KW max. o
"M" Type 500m1n 210 18m 170kW max. - — -
"L" Type 700mm 210 18m 350kW max. —  —  —
"LL" Type 1000mm | 2to 15m S00KW max. oL Ll LD L)
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