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Modeling instantaneous energy exchange during rigid interaction of rotor with
unsteady water flow around duct of axial tidal turbines
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ARTICLE INFORMATION ABSTRACT

For prediction instantaneous energy absorption by axial tidal turbines in the unsteady water flow a
numerical analytical modeling approach has been presented. The purpose of the present article is
introducing a fast and stable integral solution method with unique response. This method uses data of
computational fluid dynamics in the steady flow to approximate time-dependent performance of axial
tidal turbine in the unsteady external flows. This solution method has been designed for modeling axial
tidal turbine with convergent-divergent duct in water flow with unsteady boundary conditions. The
governing equations for fluid flow have been obtained in the form of integral equations. The equation of
one-degree of freedom motion of rotor has been solved with fourth-order Runge-Kutta method and
variations of parameters method. CFD data for rotor and duct of axial tidal turbine have been inserted as
boundary values in the integral equations of fluid flow. Two time dependent analytical equations were
employed for approximation of rotor torque and back pressure coefficient of tidal turbine. The results of
the integral solution method have been compared with time-dependent CFD data in ANSYS-Fluent
software. Several numerical simulations were carried out with the presented procedure to determine
dimensions of the duct for the most enhancement of power absorption in an axial tidal turbine.
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2 8 3.8 0.2 1.0 5
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Fig. 3 Section numbering for flow around axial tidal turbine
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Table 2 CFD simulation data for steady-state performance of reference
turbine in water flow.External water flow velocity is 3 m s™*

w (rad/sec) -24 -16 -8 0 8 16 24 32 40
F(N) 5432 4699 3713 2832 3544 3544 3227 2941 3064

T (Nm) 546 432 317 270 328 291 198 62 -52
u, (ms™) 020 055 094 126 132 134 139 142 1.56
Cyp -1.25 -0.65 -0.23 0.0 026 044 044 0.18 -0.18

i s S b Sl OVl Salys (g5luancss glaosls (5,08 3 Jgus

2 Jsaz loosls Gubly sl 159y o 2250 o8 Slp 2B Ol
sl 00l 03 oy (14) aoles
Table 3 Extension of CFD simulation data with changing external flow

velocity for reference turbine. Rotor runaway speed was found from Eq.

(14) based on data of table 2

i 1 2 3 4 5 6
Up;(ms™) 10 20 30 40 50 6.0

o (rads™) 13 25 38 51 64 76

Fr (N) 259 1231 3033 5879 7451 11411
T (N m) 42 -1 0 47 140 -330
wy; (ms™) 051 101 156 210 260  3.14
Cpi 0.14 008 0 009 -018 -0.29
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! Moving mesh

2 Sliding interface method

® Standard wall functions

* Turbulent structures

5 Grid adaption

© Pressure-based

7 Coupled equations

8 C-program

? User-defined function (UDF)
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75001k Dicled birbiae ] Table 4 Extension of CFD simulation data with changing external flow
U TRl (X & Sl e velocity for reference turbine. Rotor speed for optimum power
coefficient was found from Eq. (14) based on data of table 2
T Reference turbine L ! 2 3 4 > 6
= S000F { T S —— uoo,i (m S*l) 1.0 2.0 3.0 4.0 5.0 6.0
z 1] w;(rads™) 6 13 20 26 33 40
z A
by 1 F;(N) 368 1479 3455 5938 9897 13839
-E 2500k T; (Nm) 31 109 255 442 764 1032
2 Uy (ms™1) 0.46 0.90 1.34 173 2.03 2.70
) } H‘ J —+— Case study 1, ANSYS-Fluent Co,i 0.47 0.45 0.49 0.46 0.51 0.49
H ! —O— Case study 1, Integral solution
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Fig. 7 Transient absorbed power for configuration 1 of ducted tidal
turbine and for reference turbine (J s™1)
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Fig. 8 Transient angular speed for configuration 1 of ducted turbine and
for reference turbine (rps)
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Fig. 6 Influence of elements number in computational grid on
numerical solution of flow in ANSYS-Fluent software. The results
were plotted for power coefficient of tidal turbine with duct 9
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Table 5 Simulation data for ducted tidal turbine at steady state
performance with changing duct inlet area (case studies 1 to 5)

Case study 1 2 3 4 5

® ANSYS—Fluent (IDS) 4.131 4.165 4371 4293 4458
® Integral solution (TPS) 4.166 4.166 4.166 4.166 4.166
P ansys—Fluent J S71) 6229 6281 6591 6474 6723
Pintegral solution J S™) 6805 6805 6805 6805 6805

(AP/P) ansys—Fluent (%) 246 257 319 295 345
(AP/P) integrai soltion (%) 334 334 334 334 334
M ANSYS—Fluent (KgS™1) 910 871 900 895 916
M Integral solution (KgS™) 906 906 906 906 906
-0.062 -0.069 -0.106 -0.098 -0.108
-0.107 -0.056 -0.074 -0.057 -0.090

Cp,b ANSYS—Fluent

Cp,b Eq.(18)
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Table 6 Simulation data for ducted tidal turbine at steady state
performance with changing duct exit area (case studies 6 to 9)

Case study 6 7 8 9

® Ansys—Fluent (FPS) 4366 4.636 4.895 5152
® Integral solution ('DS) 4225 4283 4333 4387
P ansys—rluent J 71 6584 6991 7382 7769
Pintegral solution (J S 6902 6997 7079 7167

(AP/P) ansys-Fluent (%) 317 39.9 477 55.4
(AP/P) Integral solution (%) 353 37.2 38.8 40.5

71 ansys-Fluent (KES™) 905 938 974 1012
M [ntegral solution (K8 s™H 1059 1192 1300 1401
Cpb ANSYS—Fluent -0.175 -0.196  -0.298 -0.390
Cob Eq.(18) -0.204 -0.234 -0.283 -0.301
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Fig. 9 Transient axial velocities for configuration 1 of ducted turbine
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Fig. 10 Transient static pressures for configuration 1 of ducted turbine
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Fig. 11 Linear dependency of dimension-less parametres in transient
flow. a) Case studies 1 to 5. b) Case studies 6 to 9

o sl (@ 1,35 0l 5o dw e bl s Sy 11 S8
96 )y ol (b 5L 1

Cdgle el 3815 g0 wiaile; bz siluand b S alal; 352
L G s 5 557 e lp bsileand @l ol 0ud (o) p
plod sl (g3 s ol pus,y 14D g 14-a o Ko ;0 (Sl 5 )59,
I-a S 0 cal ool glas |y (s 4l &G 0525 9 B 1 slaeSTs
oy 561 STy gl cadali- ol Sl38le 5 0 g0 Jo ol
cledy Wl peey 115b S5 15 9 B 6 sboeSls oy mbi wias
2 ot s dosilont §and 5o Sl el Jiihe 5 o (s ol

el 005 0oy w0 oS slace ju

(10) &slro 55 3,8 17 eyl i jleisl sl -2-8
4 iz 0 ez oo Sl Tien s Fin cgien Glojpsie polie
e 1y Sl SVl Saalps sloodls Jpoz ol wiad sl
i+ 1 g0 Glomsiy) Slwss pald «(13) 5 (12) cYolae o oolainl
¥lee S o et sy Sy S i il |, el DL
N ol u,® ay cuyd 1) (10) dolee on gl il oo (13) 5 (12)
9y ol ol el epay S35 (13) 5 (12) (10) Yolee oy

o o (13) 9 (12) &Yolswo ‘_g)L..:')m

12 ol 16 09 1395 suawl (oI Slse Swiie

o las &STo 4y bogy o a5 Cawl 0o )5 40.5 cSTs 3l ooliiwl b (559200 (o ye5
P [23T] azlie )0 Gysme G20 g )iz ey Ol Ldx Sl el 9
ey bl 2 [7] 50 s oo Sledbl .ol ws s 40 b 30 odgass
Same Dygods 260 N5, shep ,sesS 5 3ms™holl o>

35 dulie ST by, glwosls b s ilonts dpaloes

Jo 99y 30 30 Gly Mod O¥ole @b sliel vl -8

1S
OVl Sy (giloand SeSay Llow dolee iz Gisu nl 5o
S el 45 woid sy (8) Wolie ) ad jlzel wnl Slewlxe
Jow bz S moilil 5 Sl wiale; by 555 25b sl e
(10) dolee 07N ol )by i gl aS (13) 5 (12) Y olee anlsl jo .ol
Uolo Lawgs digad (sloodld o) (pizred WAD (o) p Ngyee B4
SLid oo cuLii (glp (18) dolee B3 0gday .l o0l (usyp (14)

el 00 (s 2 (659700 (S0 5 )3 eye ey

G978 B gly B) dslre 5o ol @lee el anl -1-8

<18 wiwilo gluy
B @) dolee o lexl ©jle ;o Sy wieiley slas 58 cupe
Co(0) oo syoy ,skiiS o gl T8 wiaile) slay cupd Canlais,
S92y Saalos JLad pogde 0I5 5 areile; Gl Jelod ulul 2 el
S U (0)/u3(6))? 5 Co(t)/Co(1) sn s SoameS (o s alal,

S o

olae azlie plo @l balin Ll )0 sl Olg cupd anlie 7 Jgor

sl ga ol allie ;5 JLSBI Gy, gl 5l 50
Table 7 Comparison of power coefficient of turbine at similar
condition with results of other references. Values in parenthesis are the
results of integral method in the present paper
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