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Abstract

It becomes more important that the explication of mechanism of creature’s motion, function, and
construction to make more efficient products or understand the process of evolution. Although it is
difficult to observe actual creature’s behavior, most of previous research focused on movement and
propulsive performance of fish using computational fluid dynamics (CFD) analysis. A final goal of this
study is to develop a method to simulate the large deformation such as fish locomotion using
overPimpleDyMFoam which is one of the solvers in OpenFOAM. In this paper we discussed the validity of
the proposed solver as compared to the experimental results of the rotating cylinder. Furthermore, we
conducted the CFD analysis of the characteristics of the fish swimming by using the combination of the
proposed solver and the overset method. It is found that the proposed analytical method using OpenFOAM
is effective to investigate the basic flow phenomena around the swimming fishes.
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1. [ZC&IZ

KA OBEKRENMECTZIRIL, EREFSCHEZIZIE SN TS < OFFEFER (eg,[1-8]) 205, FEFEDHE(L
OB TENENOMOARSLAERREICO DY T SNTERLEBZ LN TS, LER-T, i
PR D WEKENECTAR DOFERI 22 04T & el 2175 Z LM TE U, HIEOBRROERL, "M A I AT 47
ADRNZES S RS ERMGFTE 5.

IKAEAEW DWEVKENE DIRNT 713 KB LT, FEXREO@LL L 2 OFHA, 3 L OEUE AT (Computational
Fluid Dynamics; CFD) (20 CX 5. A& TiX, #l4IX Fish H[11%, KEKEIZ TR L —=v 7 &hizA v
J DEEKEMET O REEFA P AET DO Z%E % PIV TEHII L T\ 5. #%# T, #121F Payne 5 [2]13f%H
DREEIZESLT =L X O E (costoftransport; COT) IZEFH L, v = €7 ¥ A0MKE o —/ LTI 300 7>
5 800 ITMHIT TIk< Z & TCOT Z#MADMENHHFEZH LML TWAD. F£72, Takagi HliE, KFEEI =
~ 7 a3t T A4, K& T EE 252 L TCOT DHIRICSZRTFTWDHZ EEHLMILTWA. COT 72
TR AEOFEBRICEA L TH, BFEEORBIEIR & HEERE & ORFREZBR~TWH éﬁ%%[s-e], =0
T OFUIMBEN BB HIZ SN TNS NI & ZI S S LEZFZE[7]1°, A b~ A OFEKIFZ IS 1T 5 L8
HREZ MRAE L2 F9E[8) /2 E3HD. L LR LA DHMARY, Mz NL—=7 L%%ﬁ’?nﬂﬁﬂ N
% 8O IREKEME L S ST FEIT 72 <, BUR TITAEOWEKEVEOREHTIEL CFD IZH O 2 25720, 2
D= CFD IZME L IR DN T A — 2 Y —_A LT RIR DE 7 VAKX, CFD I K 2 FEDEEKENEfT O A
Atz m s E Tl CEERERLS25D.

P OWEKENED CFD Tl MRt %15 & 72 DT DOWEk s O %8 & K OFAV A B S BT RSB L 72 5.
RRZH 72 B FEO 8 & 2 HUCHE U7 s BT Lkl 4 25 121%, MEFEAYIC CFD 2 3425 Z & 23lET 5
AL7e\u. L7223 C CFD T 3 2 it = — NIL, R OEEEAZ R T 5 2 &, AFHOZEEZ2 /B3
L= DMK DEE 2 b I E AT 21T 2 5 2 L, Mix REOEE 2 HER L-E7 L 42 B HISHAAD

t fukue@neptune.kanazawa-it.ac.jp

(Received May 8, 2019; accepted June 20, 2020; published July 1, 2020)



Journal of the Open CAE Society of Japan, OpenCAE2020-001 (Vol.2 No.1) Copyright© The Open CAE Society of Japan

HZE, BEORT A=Y —_ S OFMNIREIZ D 2 b, HEaX MakEfbEnNsdZ ED 4 50
W7 SNDULERD L. 2O, FEOKEEOHIETIIEH =2 — RS v 2a— RBAHN LT
B —ANITEALETHoN, BHa—FNEHICY—Aa— R KRBT T IRy 7 ZAMEENTWDH I ERE
V. LMo THIZE > THEENERZRD, O L OFELE N HE LW SEOENME A2 ST 2 121%, 7
BREORBNGHEN# L, o, 7077 20HEICL D EBHRET VOMBIARII—BKICEE L. =
KL, £ g 2Aa— Rida— RONKEHFIEENEME L TV D08, F2, FHCrHEX2ICS T HHR
RUENTE DR ORS BHENE. —F, SAMITICNEREREEY T X Ca— NI Z L ixEE
DETHY, POFXEOERITMIERED ) UGS 5. LIch o> TEHEOMREIZ L > THER S DA
FH s/ N—7 T, HEHEEZEETIBIATARARE LS.

T, MBEOZRRARESA BRRE~OMEIGHE 2 R REICEHE LA 2 MR Z FIZAND 2012, B
I— R, NG A= REITRBRDZHULWCFD D7 T v b7 4 — LD L T OERENRSHETHD. Zh
BRI 5720, Fexld OpenFOAM % A A > 7 L— M LT- D IEK BB OMNT 77 ~ b 7 4 — b R
THZEEHME Lz, KR CITFRCIIT S S OUKEMEIZE D A v v 2 OBERICE LT, Ay v aBBEIT
STHRB U FELZBEAKF YN L > TS L, BT O 2 Y PEIZ DWW THREE LT

2. OpenFOAM-v1806 M EEKF VYV ILNFRWI-fEHRFiE
21 PEREDRE

OpenFOAM (T L 2 B O K FENTIZ OV Tld, Bhagat ©5[9]2% Foam-extend @ pimpleDyMFoam % FH\>C
FEO O RVENMEZFBLL TV D2, WA ORE RN SRFENIER L aliEERN R S5, ZiudfE
DO RYVEWERHZ, HKEHD A > 22 OER EARE—MERR o7 Z LICEKRT S, ZhicxtL, Ay
adi FEEZDH[10], VA Y aTHREOFERRERINTWDLIN, HEAT v 7TED Ay
Va2l TFEAR R E LS, POAT Y THIOFET — 2 OGN B T 5.

Ay aBDRWEREE LT, BEREOIARIE2]08H 50, 3D EF A EM S T-3HE A v 2 AT
LB, FOREIIRT —F OFBINETA v ¥ 2 GEIRIE L TIRE D, LIedi - T, AEKEED X
9 7R 2 & AT DRI & K0 EREICEBL L 22 AT 2 IR E o 2 b3 E < 72 D, EEE O
B2 KT 2 ERA DY TN 21T 5 EAMK 1E[13-15]TlX, #lxiE Shen S[15]D L 5 WK ER %25
JE LR WHNEDBENCBE T 278032 <, SMBEOIKIEL BB LI b DITRW. L LR b, EEKT
BT OWIKENED X 5 7o REFE AL FRIT A FRETH D, 2o, HHELRREBIRT —ZIZA v v a %l
A SHEHERK TE 5 snappyHexMesh[16] & 0fH 325 Z L2 &V, HMOAALTEIEL Y R 2 X M2 K<
bhd.

22 AMRDFE

ARWFGE T, KREFFENTH T X, snappyHexMesh 23 f Hl FIHE T & % OpenFOAM-v1806 [17] D E ATV L
NERG, EHa— REHWT, R MRS, BHERIRE AT 5 8B OBEKENIEL CFD f#iir C& %
FIEELHET S,

3. ARREFEDZYMRIIEER
3.1 EEROH®

HEKE TV NV ANERHWTEARRREFIEICONT, BEOBIRY 72 EENC L 0 5427 5 il O F2ERAS 5L & bk
H LT, RUMEERET AL LT, EGHERE LT, BR8] HE L TV A EIEEHAER Y OFiEiisg
OEBRMEETY FiFF-. LA AR, BlELA ) VR A ERELREE 2D L 9B ELT, BETFEIC
X DRI & S hE U, FHERSEE & LT L 7.

32 BWETILELVHEFE

fEANTET VA 1R T. LUF, MAEFLEFUR E LR Z AW 5. mihmz x i, P
I A y i, WAEEATTLMAE zfiie LTW5.

FENTREISITNE 3.6 m, M 1.8m, BITX 80m & L7z, MHTET AVOFWATRL D x T I 2.0 m BE)
L7AfLER L z @G MO FLOMEIZ, B 0.7m, £ 0.8m ORHLFEZ % T [AllE S 7.

WIZA Yy v 2 ERICOWTIHAT 5. FTET L RIRICN—R L LTBET 2R A vy Y2 (K1 F6)
I% blockMesh TERL L7z, & 61, [AIEEMFEOEER 2> S 0.5 m O#iPH(Z snappyHexMesh THE ATk (X
1R 0, AME17m, N 07m, &S 1.8m) ZER L7z, ZOESKFEEIC, AETLEES y#hE v o
FliRZ 52 %5 2 &C, MEDEERC XV BAET Dtz it L.

fi#g#1 > v 23 1% OpenFOAM-v1806[17]? overPimpleDyMFoam % FV>, JEFE D EAVENT 21T - 7=. 1EEhAIX
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Sl 20°C, #E 1.293 kg/m3, EREEE 1.50X 105 m2/s OHZEEZER L L, fETET VAL (x=-2.0m @ yz 58
) M HIRANE Us = 1.995 m/s O—#kiitE (MO EEE (0.7m) & {8FE 1L L L7z Reynolds £ = 9.30 x
104) TiHAIHTZ.

FEATIZ AW B BRI TRtion T8kt D & Navier-Stokes FEER TH D, 7272 L, u lTHEET b,
p I EEE BEETERUZME), w 1T, p 1WA (BR) OBE, HIELT YL Tho.

V-u=0 (1)
SV ) = —Vp + V- EVw) + V- BT - 57w (2)
3.3 EREH

ATET VAR (x=-2.0m O yz Biftim) I E—REOBEEHRASLM: (1.995m/s), fETET VA (x=
6.0m @ yz F5E) FEBMMMSEIME Lz, MHERRB LY, ZOE»OFEEBOER T2 THEY oL
DEEFERGEME L TRE L. 2B, BEAKFDOIMU 05 R (/background_blockMesh/0/zonelD PN overset)
WZBT DEERSEMIL, typeoverset; & LT 5.

3.4 fERTEH
FEMT SR 23R 1 B O 2 1T & 1 ITXMEORERA#ED 3.14rad/s ([Fl#5 Reynolds 21 =5.13 x 104)
Db D%, 2 1FMHEOEHERAEE N 2.093rad/s ([A]45 Reynolds 1 =3.42x104) DL DO EFEDT=H D Th
L. MR, BEAHTOERE, TSRS 2 2B LTI T 5720, ENETNOFRMEEZE X
T2 TR0 6 77— AT OWTHIT 4TV, 2 bl L7
case 1: [Al#sfAHEE 3.14rad/s, [AlEcL A /L X% 513 X104, EHEAK VA X 0.03m, TSI 10 B
case 2: [AlEnf R 3.14rad/s, [AlEcL A /L X% 513 X104, EHEAK VA X 0.03m, fEYTHIM 20 B
case 3: [AERA R 2.093 rad/s, [Alfizl A /L A$L 3.42X 104, EHAEK TV A X 0.03m, FEHTHIRF 10 7
case 4: [AERA R 2.093 rad/s, [Alfil A /L A$L 3.42X 104, EHAEK TV A X 0.03m, FEHTHIR 20 7
case 5: [AlHAAIHE 2.093 rad/s, MLl A /L A$ 3.42 X104, BEAKK T A X 0.05m, FESTHIR 10 7
case 6: [AIHAAIHE 2.093 rad/s, ML A /L A% 3.42X 104, EAKE T A X 01m, NI 10 7

3.5 ZHMOFEAE
FRATRE SR O 29T, MATRR K VGOSN E ST, WS, TR & R LB G, B
IREL Co i+ 2 2 & TRl L 72, 7235, Ci, Co IFRDB@Y EEK L.

() =7 () 3)

7%, LI, DI, AZMEOREKEE CH Y, LI IO D IFEEEMERE O Ik L0
HMOES 2wy L TR L. £, G, C 1387 — X280 DI BAR ST T TOFHHE,
wNE, oMEZZRERET L.

(a) [Unit : m] (b) [Unit : m]
8.0 |

Origin (0, 0

3.6
¢ 1.7

Overset Background
7 meshes (red) meshes (blue) z

Fig. 1 Overset region and background mesh: (a) is cross section (y = 0.9 m) and (b) is cross section (x = 0 m).
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Table 1 Analytical condition for angular velocity w = 3.14 rad/s.

casel case 2
U, : Flow velocity [m/s] 1.995 1.995
N : Revolution [rpm] 30 30
d : Diameter [m] 0.7 0.7
p : Density of air [kg/m?] 1.293 1.293
% : Kinematic viscosity of air [m?/s] 1.5X10°% 1.5X10°
Reynolds number Yopd 9.30X10* 9.30 X 10*
Rotational Reynolds number % 5.13 X 10* 5.13 X 10*
Time [s] 10 20
Grid width [m] 0.03 0.03
Total mesh numbers 2264016 2264016

Table 2 Analytical condition for angular velocity w = 2.093 rad/s.

case 3 case 4 case5 case 6
U, : Flow velocity [m/s] 1.995 1.995 1.995 1.995
N : Revolution [rpm] 20 20 20 20
d : Diameter [m] 0.7 0.7 0.7 0.7
p : Density of air [kg/m?] 1.293 1.293 1.293 1.293
% : Kinematic viscosity of air [m?/s] 1.5X10°5 1.5X10° 1.5X10° 1.5X10°
Reynolds number Yopd 9.30 X 10* 9.30 X 10* 9.30 X 10* 9.30 X 10*
Rotational Reynolds number RZZZN 3.42 X 10* 3.42 X 10* 3.42 X 10* 3.42 X 10*
Time [s] 10 20 10 10
Grid width [m] 0.03 0.03 0.05 0.1
Total mesh numbers 2264016 2264016 532082 88408
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3.6 BRI UER

R & U C case 1 OREHERMAEE 0 I T 23 E 54 (K2) BEOWRE SR (X3) #EnEiurd. ¥
2 BIOK 3 D, AHEEFICH LV BRSNS Z ERERINT. £, FHEAAERY BLOES
¥ OBE RN THIFRE RO REH R BUER TR VT, ZE LT ARk S vz, Iz, 4z
1 casel B L WNcase3 D Ci, Co DEFRINEALZTRT. CLIZOWTHERT D &, T O TIZH IR AT
7, —ERFFRIEE D DIRAIZHEM L, OB ENRND Z DR TED. o b I vEmnL,
HDH—ED LUV BER, AN END Z ENMHERTE D, 2D OFERITATHIZE[19] & BH 23
—HLTEY, FEEHETLI N TER BT 5.

(a) ] - (b)-
() (d) (c) (d)

Velocity 3.7 Vorticity

R — _

z z [1/s]

Fig. 2 Velocity distribution (case 1, y =0.9m): (a) isOs, Fig. 3 Vorticity distribution (case 1, y=0.9m): (a) isO's,
(b)is2.0s,(c)is4.0s,(d)is6.0s,(e)is8.0sand (f)is10s. (b)is2.0s,(c)is4.0s,(d)is6.0s, (e)is8.0sand (f)is 10s.
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Fig. 4 Time series of Lift and Drag coefficient; (a) is the Lift coefficient of case 1, (b) is the Lift coefficient of case 3, (c) is
the Drag coefficient of case 1 and (d) is the Drag coefficient of case 3.
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B 5 IZITAEE o=2.093 rad/s |Z35F DEHEEMAEE ST AT O 6 249 m OFLE, z f§i51m 05
A1) DVLRD AN B 2 HEMK TV A MR OB 2 RT. 22Tl v 13 v=Ju+ud +u? (uy
(THEEN T b Aud x WISy, w (EF y 5y, u i zpisy) & LTHEELTWD, BRI ARE
DD EHESHNENT DM AR TE L. EEK T A IR —FMD ) 0.03 mm OFERIE, FEERGE S [18]
ERECTH 7=, T 5L, EEKTFT A ANKEWV 0.05mm H 5L 0.1 mm OFEERTIE, FRC
FHEMAEOHLNZIT L 725 EED A ORI E TR D Z Enbho 7=, — 7, T O & 1250 T,
BT OMBIZRONDD, SO Y — X REmEZ R L. LLENS, SRIOMRAEFE T, S5
K8l OMHFEMEEHFOLNDEMHE LT, EAK YA X003 mmTZY Thoc LHIWTE 5. —J, fif
WHIMEN G 2 58T, EARTYA XOMEICL > TAEULZEELY H/NS L, HBFYFIE 10 T+
Tholz LT 5.

#3112, EAK TV A RDER, ATHMEOZERICX D ¢ ORI FEAME, SR KME, B X OWIR &/
B2 A THFE[18][19]) & el L7k 2 R Lz, 7R 41X IOV TCHRERICR LD TH 5.

FEATHIZE[18) &L DIk 2T 5 &, C, CoENZEI, FHE TITERNKRE VDR, KRME (BRRFE) Ty
EFZEDOERTRL, FEERINIMEORA G 2D GETMHEA8] TIXHME ISV DI TH Y, K
TR E LTVWD)., ZOORERFETOMBELE OBRMARKRIINETH LSOO, FERFIZH) /N
A —IEE N E R L, BITRT CREETERE LMITN TE D 2 enn, EENTEHL LD
DIEBETFIEOZEEIIMR SN ERB I NS, 72385, T 5 [19]0 2 WRITHARNTHE R & Ot CrHulemgt L7z
FEATHRFE[19]) & 1%, FEROFENR A LIVTWND D, THUTIATHFZE[19]8 2 IRTTAFTOFERTH Y, F-51HE
PO ERC LA I VAB B RS Z LIk RELEETHDL EEZ TN D.

4, IREFEICK HBEWKENEREMN
4.1 RIEOEXBIEBTASA TS DRE

3EONEZEE 2, OpenFOAM-v1806[17|DEAKE T V3% W T- O TEKENVEMNT 77 » b7 4 —
LERET D, ARETIEITREOBEKEERITZ B E LCBEL TRV, 3 ETOREEEEDDY I
FEKENEEZE—a v 7477V L THARADKERS 5. RIBREOTKENEIL, AEOEKEEL
FHLT 5 (Cui 20T U THREEBIMIZHEDOIR DB KER T HE—a T4 77V EEk L-. W4
Ewra bl LRG0T L7 N LTy A NLEE, ATICHWS 2~ R EOFEMIIL Appendix % 2}
YA AY
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25 . . , ; ; , . . . . Position [Unit:m]
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>
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%, z
E 1 o d=1.2
> /
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Fig. 5 Distribution of velocity magnitude behind the cylinder:(a) is relationship of velocity magnitude and grid size.
(b) is the cross section(y=0.3m) and measurement points. (green line)
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Table 3 Comparison of Lift coefficient (C.) between experimental results and previous results

Grid width [m] average maximum minimum
(o =3.14 rad/s)

0.03 (10s): case 1 0.00675 0.159675 -0.14042
0.03 (20s): case 2 -0.0097075 0.159675 -0.21209
Reference [18] 0.1

Reference [19] -0.436467 - -

Grid width [m] average maximum minimum
(® =2.093 rad/s)

0.03 (10s): case 3 0.009693 0.048751 -0.02653
0.03 (20s): case 4 0.015516 0.149626 -0.03222
0.05: case 5 0.00936 0.053318 -0.0454
0.1:case 6 0.00176 0.021401 -0.02161
Reference [18] 0.3

Table 4 Comparison of Drag coefficient (Cp) between experimental results and previous results

Grid width [m] average maximum minimum
(0 =3.14 rad/s)

0.03 (10s): case 1 0.29658 0.88945 -0.23205
0.03 (20s): case 2 0.253271 1.101015 -0.26175
Reference [18] 0.75

Reference [19] 1.595024 - -

Grid width [m] average maximum minimum
(® =2.093 rad/s)

0.03 (10s): case 3 0.2885 0.77844 -0.00348
0.03 (20s): case 4 0.2702 0.77844 -0.00348
0.05: case 5 0.2001 0.54469 0.00194
0.1:case 6 0.2286 1.09151 0.13758
Reference [18] 0.9
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FEMTE T VI LOFEEZHIT 5. AR CIXABEKEIEDOMNTH & LT Thunnus (L F~27mb$2%) %
By EF7e. =27 8vo3DE7 VAR 069 m, &S 0.33m, i 0.17m @ % O (4 6)% Blender2.79[22] TfE
L7z, =7 o 3D 7V &0E 1.6m, &S 1.2m, BAT 2.8m O EGIATER QAT ZZ M NICBLE L7 (X 7).
TEBEARIIK (RS 1.0X106m2/s) & L, FEEmOIH 2.0m/s TA I 72, U@ e L TR
Mrive. BERSEE LT, AIRRTT OB REICHE 2.0 m/s OREERASM:, ToMomz 3 Bkt
L7c. FERmITEY 7o LEBEm & L7z,

FIEVKENVEIL xz VIHNOEE L L, [ ZLOIZ 3D ET V7Y 7 MU =T R EE NV THREADIIRD 3D
BT NVEARKT D, 1ERR LTz 3D BT VT ZZ N ~BLE L7z, 3.2 fi & [RARIS, 3D E7 /VRIRE Y O
G #57-% snappyHexMesh, 755 A v 3 = (% blockMesh TIERk L7=. ~ 7 v OlEKEIER, 5E (Br¥—7F
A4 2) OEOBEZ Cui 5[20] O (4) ITEVFER LHEHEL L7 (Sander 5[21], Appendix A.8).

z = (0.178x% + 0.0429x + 0.035) sin (12t - %x) (4)
Z 2T HEEEDT R O EEE, 2 X RERT M OBIETH O IKEMEFTDO YR 2R L, tIIRZT

D, B E =T, D EEONEIEEL, B X —T A COBEIEICG U TELEYT. BEBENLRK
WA, RSO3, B A LT

(a) [Unit : m] (b) [Unit : m]
@) () N

B Y i . 0.2

017 : 0.69 i
Iy S i
, [Unit : m] X H HH i I
X=0.1  Overset Background .
z meshes (red) meshes (blue) z

Fig. 6 Analytical model of Thunnus: Fig. 7 Overset region and background mesh of Thunnus.:
(a) is front view and (b) is side view. (a) is cross section (y = 0.3 m) and (b) is cross section (x =- 0.1 m)

42 BITHEREER

M 8 ICAFIEEHWMIT CRONTZA v aBROR T 2R3, £, K9 IZEnAiz R, X 8(a),
NIRRT XL, 7 adFIDOA vy all, ~7 aOkKEZEIG AN ELD Z EBRMERTE. L
L, E9), MIRTIEADTDOET NG, A v aNBR LD LIk 2RBITELT, ©F LIifighr
MTE. ZOZ &5 Bhagat H[9)|DFETITME TERDP ST A v ¥ 2 BRIC X 2% BOMEIL, HEA
BFEEZ AW ARRTFIEC L > TRET AN TEX T,

B 10 (2~ 27 v DK O—Fl & L TH b ciidisrtn, FE0Am, EES i Z 73 . Bhagat b [9]Dif
R LEFRRRIC, ~7 0Ok OREMEIZEE ST 50 OFEEZ T, WITTH2%RAAMRTE. £72, it
HOAACIE N O RBRNE L RN D, BRE LN ZIT) 2N TER LW END. Dbz &
D, R LR FETEEN TIEH 2 b O OMBOBENETNI L S FEh OMEHT 3 ZR S, il fAFEKE)
TEIC b C & 5 ATREMEA R S 47z,

~(a) . (b)m.‘.“.“.“, L (a) (b)
: AN e i
e £ siifis s i LiakiiEg
b x =T It mis -
| | -0.22 Pressure 0.43
-'l: I
Z ‘ i
Fig. 8 Mesh details: (a) is the mesh details (t=0's, Fig. 9 Pressure distributions: (a) is the pressure
y=0.3m), (b) is the mesh details (t = 1.0 s, y=0.3m). distribution (t= 0 s, y=0.3m) and (b) is the

pressure distribution (t=1.0's, 0.3m)
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5. #&im

AFFETIE, OpenFOAM-v1806[17)IZEEE I N HHEAIKE TV L &V, MIROEB) 48 S E7, SO
VKEWERRNT 7" 7 > N7+ — L% RE LT, RFEZEERMIEO ERFE R [18-19] L kT 5 Z LIC K VIRETF
HEOZYUMEEZRF L. R, EHNTIEIHLb0DF DML 2 RTETERY, BEFERRYTH- -
CHIWTTE L. FTe, ~ 7 uEflE LI AEKEIED CFD & U CARETIEZBA L, s, E 551,
WA SRS, RETFESAEOTGES L ) VT b EATREThH 5 Z L 2R LT,

OpenFOAM D EEGHE TV N 3% AW ARIBRTIET, AEOTKEROL LT, #@YlkET Vo 7Iick
S ThE# 7 EE 2 1F 5 S RICEMAFTRETH Y, 4% D OpenFOAM DS R OILKIC BT 5. —75, [
HE MRS 77 CO AN~ RO ERRIZSE D Cu, Co DIRERFNZEIZEE T 2 310, B /e 2 & &M 22 EEME O e,
AR A X N ORGELR &L Vo B ARRREETIS B OBFREE TH S .

(a) Velocity distribution (b) Pressure distribution (c) Vorticity distribution

Pressure 0.4 -10

[m?/s?]

Fig. 10 Typical example in motion of Thunnus: (a) is velocity distribution(y=0.3m), (b) is pressure distribution(y=0.3m),
(c) is vorticity distribution(y=0.3m).
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Appendix

KIS CHEA L7 7 ANV O— %2R, ERRGAESE T 7 A4V EEICRE#E L. 7 7 A VDOFEL W
fEVNITEE LT EST O 78— L ~3— 2 (https://www.openfoam.com /)0 — ' —H A K
(https://www.openfoam.com/documentation/)% # ZM L T\ 72 & 72, (BfSH 2019 4 11 A 15 H)

A.1 createPachDict (entyu_snappyHexMesh/system)

/] Ny TF e T oA Ay M BOBES I OVER
pointSync false; //Do a synchronization of coupled points after creation of any patches.
Patches

(

name oversetPatch;
patchinfo
{

type overset;

constructFrom patches;

patches (inlet outlet fixedWalls);

set f0;
}
{
name wing; //name of patch
patchInfo
{
type wall; //decide the boundary condition
}
constructFrom patches; //select cylinder parts patch or set
patches (wing); //decide the name of patch
set f0;
}
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maguro_snappyHexMesh
-— constant

— polyMesh
F—boundary
F— cellLevel
F——cellZones
F——faceZones

F— faces
F—levelOEdge
F—neighbor
F— owner

F— pointLevel

F— pointZones

F— points

surfacelndex
— triSurface
— wing_5degrees.obj

—— system
F— blockMeshDict
F— controlDict
F— createPatchDict
F— decomposeParDict

F—fvSchemes
F— fvSolution
e snappyHexMeshDict

(a)maguro_snappyHexMesh

background_blockMesh

F— 0.orig
F—U
F—p
F— pointMotionU
zonelD

F— constant
F— RASProperties
F— dynamicMeshDict

—— polyMesh
F— boundary
F—cellZones
F— faceZones
F— faces
F— neighbour
F— owner
F— pointZones
F— points
sets
F—c0
L—c1
F— transportProperties
turbulenceProperties
—— system

F— blockMeshDict
F— controlDict

F— decomposeParDict
F— fvSchemes

F— fvSolution

F— sampleDict

F— setFieldsDict

— topoSetDict

(b)background_blockMesh.

A3 AFERICBTFa~r R4 v

background_blockMesh 7+ L7 kU Tl 4 5 2~ > K%, maguro_snappyHexMesh TlZ 3 2D a~< > K
ZRHWTEET 5. s A v ¥ ald blockMesh & W T, W{KJE Y D A > 2 =% snappyHexMesh % H\ T

BT 5.

/maguro_snappyHexMesh
blockMesh
snappyHexMesh -overwrite
createPatch -overwrite

/background_blockMesh

blockMesh
mergeMeshes . ../entyu_snappyHexMesh -overwrite
topoSet

setFlelds

A.4 dynamicMeshDict (background_blockMesh/constant)
A TF{ETlE fvMotionSolvers @ velocitylapracian iV T A8 IZ/RTE— a7 nr/ I AxEifES w5,

/] =V a g — L DFRR
dynamicOversetFvMeshCoeffs

{

}
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motionSolverLibs ( "libfvMotionSolvers.so" );
solver velocityLaplacian;
velocityLaplacianCoeffs

{

diffusivity quadratic inverseDistance 1 (wing);

A5 setFieldsDict (background_blockMesh/system)

/] &> FOERR
defaultFieldValues
(
volScalarFieldValue zonelD 123
);
regions
(
cellToCell
{
set c0;
fieldValues
(
volScalarFieldValue zonelD 0
);
}
cellToCell
{
setcl;
fieldValues
(
volScalarFieldValue zonelD 1
);
}
)

A.6 zonelD (background_blockMesh/0)
A TR & 2 OMOTEIROGE 50T %217 .

// zonelD DFXE

actions
(
{
name c0;
type cellSet;
action new;
source regionToCell;
sourcelnfo
{
insidePoints ((0.001 0.001 0.001));
}
}
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);

name cl;

type cellSet;
action new;
source cellToCell;
sourcelnfo

{

set c0;

name cl;
type cellSet;

action invert;

A.7 topoSetDict (background_blockmesh/system)

//E > FOVERR

actions

(

name c0;

type cellSet;
action new;

source regionToCell;
sourcelnfo

{
insidePoints ((0.001 0.001 0.001));

name cl;

type cellSet;
action new;
source cellToCell;
sourcelnfo

{

set c0;

name cl;
type cellSet;

action invert;

//name
//type
//make new one

//make cell from region

//coodinates in the area
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A.8 fishLocomotionPointPatchVectorField.C
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/] BEOEKIEADT v 7T L

namespace Foam

{

/!

/] @y i,z WD /RF A — X DRTE

/1

fishLocomotionPointPatchVectorField::
fishLocomotionPointPatchVectorField
(

const pointPatch& p,

const DimensionedField<vector, pointMesh>& iF

)

fixedValuePointPatchField<vector>(p, iF),
pO_(p.localPoints()),
origin_(vector::zero),

dX_(0.0),

omegal_(0.0),

omega2_(0.0),

length_(0.0),

waveLength1_(0.0),
waveLength2_(0.0),

A_(0.0),

B_(0.0),

C_(0.0),

D_(0.0),

a_(0.0),

b_(0.0),

c_(0.0),

d_(0.0),

e_(0.0),

£ (0.0),

g(0.0),

h_(0.0)

¢
fishLocomotionPointPatchVectorField::
fishLocomotionPointPatchVectorField

(
const pointPatch& p,
const DimensionedField<vector, pointMesh>& iF,
const dictionary& dict

)

fixedValuePointPatchField<vector>(p, iF, dict),
origin_(dict.lookup("origin")),
dX_(readScalar(dict.lookup("dX"))),
omegal_(readScalar(dict.lookup("omegal™))),
omega2_(readScalar(dict.lookup("omega2"))),
length_(readScalar(dict.lookup("length"))),
waveLengthl_(readScalar(dict.lookup("waveLength1™))),
waveLength2_(readScalar(dict.lookup("waveLength2"))),
A_(readScalar(dict.lookup("A"))),
B_(readScalar(dict.lookup("B"))),

15




Journal of the Open CAE Society of Japan, OpenCAE2020-001 (Vol.2 No.1)

Copyright© The Open CAE Society of Japan

C_(readScalar(dict.lookup("C"))),
D_(readScalar(dict.lookup("D"))),
a_(readScalar(dict.lookup("a"))),
b_(readScalar(dict.lookup("b"))),
c_(readScalar(dict.lookup("c"))),
d_(readScalar(dict.lookup("d"))),
e_(readScalar(dict.lookup("e"))),
f_(readScalar(dict.lookup("f"))),
g_(readScalar(dict.lookup("g"))),
h_(readScalar(dict.lookup("h")))

{
if (!dict.found("value™))
{
updateCoeffs();
}
if (dict.found("p0"))
{
p0_ = vectorField("p0", dict, p.size());
}
else
{
p0_ = p.localPoints();
}
}

fishLocomotionPointPatchVectorField::
fishLocomotionPointPatchVectorField
(
const fishLocomotionPointPatchVectorField& ptf,
const pointPatch& p,
const DimensionedField<vector, pointMesh>& iF,

const pointPatchFieldMapper& mapper

)

fixedValuePointPatchField<vector>(ptf, p, iF, mapper),
pO_(ptf.p0_),

origin_(ptf.origin_),

dX_(ptf.dX)),
omegal_(ptf.omegal),
omega2_(ptf.omega2),
length_(ptflength_),
waveLengthl_(ptf.waveLengthl ),
waveLength2_(ptf.waveLength2_),
A_(ptfA),

B_(ptf.B),

C_(ptf.C)),

D_(ptf.D ),

a_(ptf.a)),

b_(ptf.b),

c_(ptfc),

d_(ptf.d),

e_(ptfe)),

f (ptf.f),

g_(ptf.g),

h_(ptfh_)

{}
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fishLocomotionPointPatchVectorField::
fishLocomotionPointPatchVectorField
(

const fishLocomotionPointPatchVectorField& ptf,

const DimensionedField<vector, pointMesh>& iF

)

fixedValuePointPatchField<vector>(ptf, iF),
pO_(ptf.p0_),
origin_(ptf.origin_),
dX_(ptf.dX)),
omegal_(ptf.omegal.),
omega2_(ptf.omega2_),
length_(ptflength_),
waveLengthl_(ptf.waveLengthl_),
waveLength2_(ptf.waveLength2_),
A_(ptfA),
B_(ptfB.),
C_(ptf.C)),
D_(ptf.D ),
a_(ptfa)),
b_(ptf.b ),
c_(ptfc),
d_(ptf.d),
e_(ptfe),
f (ptf.f),
g (ptfg),
h_(ptfh_)
¢
void fishLocomotionPointPatchVectorField::updateCoeffs()
{
if (this->updated())
{
return;
}
const polyMesh& mesh = this->internalField().mesh()();
const Time& t = mesh.time();
Info << "Using amplitude function A =" <<a_<<"*x* + " <<b_<< "*x + " << c_<< end];
vectorField pointPatchOriginal = p0_ - origin_;
vectorField pointPatchDisplacement(pointPatchOriginal.size(), vector(0,0,0));
vector pointOriginal;
vector pointDisplacement = vector(0,0,0);
scalar deltaXsum = 0;
scalar phil = 2 * 3.1415 /( waveLength1_*length_);
scalar phi2 = 2 * 3.1415 /( waveLength2_*length_);
Info << "Ratio body length / wave length1 =" << length_/waveLength1_<< endl;
Info << "Ratio body length / wave length2 =" << length_/waveLength2_ << end];

int nPoints;

//
/] @B —F4 OBH)
//

nPoints =length_ / dX_+1;
Info << nPoints << endl;
vectorField centerLineOriginal(nPoints,vector(0,0,0));

vectorField centerLineDeformed(nPoints,vector(0,0,0));

17




Journal of the Open CAE Society of Japan, OpenCAE2020-001 (Vol.2 No.1) Copyright© The Open CAE Society of Japan

vectorField centerLineDisplacement(nPoints,vector(0,0,0));
vectorField centerLineRelativeDisplacement(nPoints,vector(0,0,0));
vectorField centerLineRotation(nPoints,vector(0,0,0));

forAll (centerLineOriginal,il)

{
centerLineOriginal[il] = vector(i1*dX_,0,0);
centerLineDeformed[il] = vector(i1*dX_0,0);
centerLineRelativeDisplacement[il] = vector(i1*dX_,0,0);

b

forAll (centerLineOriginal,i2)

{

centerLineDeformed[i2][1] = sin(B_*( omegal_ * twvalue() - g*phil * centerLineDeformed[i2][0])) *A* (a_ *
pow(centerLineDeformed[i2][0], 2) + b_*centerLineDeformed[i2][0] + c_);
centerLineDeformed[i2][2] = sin(D_*( omega2_ * twvalue() - h_*phi2 * centerLineDeformed[i2][0])) *C_* (d_ *
pow(centerLineDeformed[i2][0], 2) + e_*centerLineDeformed[i2][0] + ) ;
if(i21=0)
{
centerLineRelativeDisplacement[i2][1] = centerLineDeformed[i2][1] - centerLineDeformed[i2-1][1];
centerLineRelativeDisplacement[i2][2] = centerLineDeformed[i2][2] - centerLineDeformed[i2-1][2];
if((centerLineDeformed[i2][1]*centerLineDeformed[i2][1]-centerLineDeformed[i2-1][1]*centerLineDeformed[i2-1][1]) >

0)
{
centerLineRelativeDisplacement[i2][0] = dX_ - sqrt( mag( pow( dX_, 2) - pow( centerLineRelativeDisplacement[i2][1],
2)));
deltaXsum = centerLineRelativeDisplacement[i2][0];
centerLineDeformed[i2][0] -= deltaXsum;
}
if((centerLineDeformed[i2][1]*centerLineDeformed[i2][1]-centerLineDeformed[i2-1][1]*centerLineDeformed[i2-1][1]) <
0)
{
centerLineRelativeDisplacement[i2][0] = -dX_ + sqrt( mag( pow( dX_, 2) + pow( centerLineRelativeDisplacement[i2][1],
2));
deltaXsum = centerLineRelativeDisplacement[i2][0];
centerLineDeformed[i2][0] += deltaXsum;
}
if((centerLineDeformed[i2][2]*centerLineDeformed[i2][2]-centerLineDeformed[i2-1][2]*centerLineDeformed[i2-1][2]) >
0)
{
centerLineRelativeDisplacement[i2][0] = dX_ - sqrt( mag( pow( dX_, 2) - pow( centerLineRelativeDisplacement[i2][2],
2)));
deltaXsum = centerLineRelativeDisplacement[i2][0];
centerLineDeformed[i2][0] -= deltaXsum;
}
if((centerLineDeformed[i2][2]*centerLineDeformed[i2][2]-centerLineDeformed[i2-1][2]*centerLineDeformed[i2-1][2]) <
0)
{
centerLineRelativeDisplacement[i2][0] = -dX_ + sqrt( mag( pow( dX_, 2) + pow( centerLineRelativeDisplacement[i2][2],
2));
deltaXsum = centerLineRelativeDisplacement[i2][0];
centerLineDeformed[i2][0] += deltaXsum;
}

}

centerLineDisplacement = centerLineDeformed - centerLineOriginal;

forAll(centerLineDeformed, i3)
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b

vector currentPoint = centerLineDeformed[i3];
vector previousPoint = centerLineDeformed[i3-1];
vector nextPoint = centerLineDeformed[i3+1];
scalar currentAngle;

scalar previousAngle;

if(i3 != centerLineDeformed.size())

{
currentAngle = atan( ( nextPoint[1] - currentPoint[1] ) / ( nextPoint[0] - currentPoint[0] ));
}
else
{
currentAngle = 0;
}
if(i3!=0)
{
previousAngle = atan( ( currentPoint[1] - previousPoint[1] ) / ( currentPoint[0] - previousPoint[0] ));
centerLineRotation[i3][1] = previousAngle - currentAngle;
}
else
{
previousAngle = 0;
}

centerLineRotation[i3][1] = (previousAngle + currentAngle)/2;
scalar currentAngleZ;

scalar previousAngleZ;

if(i3 != centerLineDeformed.size())

{
currentAngleZ = atan( ( nextPoint[2] - currentPoint[2] ) / ( nextPoint[0] - currentPoint[0] ));
}
else
{
currentAngleZ = 0;
}
if(i3!1=0)
{
previousAngleZ = atan( ( currentPoint[2] - previousPoint[2] ) / ( currentPoint[0] - previousPoint[0] ));
centerLineRotation[i3][2] = previousAngleZ - currentAngleZ;
}
else
{
previousAngleZ = 0;
}

centerLineRotation[i3][2] = (previousAngleZ + currentAngleZ)/2;

/1

/] @t s —F 4 LEABOROBE)

/1

forAll(pointPatchOriginal,i4)

{

vector pointOriginal = pointPatchOriginal[i4];
vector pointOriginalRel;

vector translation;

vector rotationAngle;

vector rotation = vector(0,0,0);
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vector rotationTranslation = vector(0,0,0);
forAll(centerLineOriginal, i5)
{
vector centerLinePoint0 = centerLineOriginal[i5];
vector centerLinePoint1;

if (i5 == centerLineOriginal.size())

{
centerLinePoint1 = centerLineOriginal[i5];
}
else
{
centerLinePoint1 = centerLineOriginal[i5+1];
}

if( pointOriginal[0] >= centerLinePoint0[0] &&  pointOriginal[0] < centerLinePoint1[0] && fabs(pointOriginal[0]
- centerLinePoint0[0]) > SMALL && fabs(pointOriginal[0] - centerLinePoint1[0]) > SMALL )

{
scalar position = (pointOriginal[0] - centerLinePoint0[0]) / dX_;
vector translationSlope = (centerLineDisplacement[i5+1] - centerLineDisplacement[i5]);
translation = centerLineDisplacement[i5] + translationSlope * position;
vector rotationAngleSlope = (centerLineRotation[i5+1] - centerLineRotation[i5]);
rotationAngle = centerLineRotation[i5] + rotationAngleSlope * position;
pointOriginalRel = pointOriginal - vector (pointOriginal[0],0, 0);
rotation[0] = ( pointOriginalRel[0] * cos(rotationAngle[1])) - (pointOriginalRel[1] * sin(rotationAngle[1])) -
pointOriginalRel[0];
rotation[1] = (pointOriginalRel[0] * sin(rotationAngle[1])) + (pointOriginalRel[1] * cos(rotationAngle[1])) -
pointOriginalRel[1];
rotation[2] = (pointOriginalRel[0] * sin(rotationAngle[2])) + (pointOriginalRel[2] * cos(rotationAngle[2]) ) -
pointOriginalRel[2];
rotationTranslation = translation + rotation;
}
else if (fabs(pointOriginal[0] - centerLinePoint0[0]) <= SMALL && centerLinePoint0 != centerLinePoint1)
{
translation = centerLineDisplacement[i5];
rotationAngle[1] = centerLineRotation[i5][1];
rotationAngle[2] = centerLineRotation[i5][2];
pointOriginalRel = pointOriginal - vector (pointOriginal[0], 0,0);
rotation[0] = (pointOriginalRel[0] * cos(rotationAngle[1])) - (pointOriginalRel[1] * sin(rotationAngle[1])) -
pointOriginalRel[0];
rotation[1] = (pointOriginalRel[0] * sin(rotationAngle[1])) + (pointOriginalRel[1] * cos(rotationAngle[1])) -
pointOriginalRel[1];
rotation[2] = (pointOriginalRel[0] * sin(rotationAngle[2])) + (pointOriginalRel[2] * cos(rotationAngle[2])) -
pointOriginalRel[2];
rotationTranslation = translation + rotation;
}
elseif (  fabs(pointOriginal[0] - centerLinePoint0[0]) <= SMALL  && centerLinePoint0 == centerLinePoint1)
{
translation = centerLineDisplacement[i5];
Info << "Last CLP met. Trans: " << translation << end];
rotationTranslation = translation;
}
b
pointPatchDisplacement[i4]=rotationTranslation;
b
if (t.value() < 1) pointPatchDisplacement *= -pow( (t.value()-1), 2) + 1;

vectorField::operator=

20




Journal of the Open CAE Society of Japan, OpenCAE2020-001 (Vol.2 No.1)

Copyright© The Open CAE Society of Japan

(

);

//****************

makePointPatchTypeField

pointPatchVectorField,

(
4*pointPatchDisplacement
)
fixedValuePointPatchField<vector>::updateCoeffs();
}
void fishLocomotionPointPatchVectorField::write
(
Ostream& os
) const
/!
/] @y Hill,z ST DT A — K FRIRIA TR DR TE
//
{
pointPatchField<vector>::write(os);
os.writeKeyword("origin") << origin_ << token::END_STATEMENT << nl;
os.writeKeyword("dX") << dX << token::END_STATEMENT << nl;
os.writeKeyword("omegal") << omegal_ << token::END_STATEMENT << nl;
os.writeKeyword("omega2") << omega2_ << token::END_STATEMENT << nl;
os.writeKeyword("length") << length_ << token::END_STATEMENT << nl;
os.writeKeyword("waveLength1") << waveLengthl_ << token::END_STATEMENT << nl;
os.writeKeyword("waveLength2") << waveLength2_ << token::END_STATEMENT << nl;
os.writeKeyword("A") << A_ << token::END_STATEMENT << nl;
os.writeKeyword("B") << B_ << token::END_STATEMENT << nl;
os.writeKeyword("C") << C_<<token::END_STATEMENT << nl;
os.writeKeyword("D") << D_<<token::END_STATEMENT << nl;
os.writeKeyword("a") << a_<<token::END_STATEMENT << nl;
os.writeKeyword("b") << b_ << token::END_STATEMENT << nl;
os.writeKeyword("c") << c_<< token::END_STATEMENT << nl;
os.writeKeyword("d") << d_<<token:END_STATEMENT << nl;
os.writeKeyword("e") << e_<< token::END_STATEMENT << nl;
os.writeKeyword("f") << f_<<token::END_STATEMENT << nl;
os.writeKeyword("g") << g <<token:END_STATEMENT << nl;
os.writeKeyword("h") << h_ << token::END_STATEMENT << nl;
writeEntry("value", os);
}

fishLocomotionPointPatchVectorField

} // End namespace Foam

] F R KR K R R KRR R R Rk Rk )

/!

/!
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