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Fig. 1 Fractal trees generated by L-system. (a)
branch generation n=6, fractal dimension d=1.77,
(b)branch generation n=10, fractal dimension
d=1.717.
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Fig. 2 Fractal tree geometry for basic (a) n =4;
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Fig. 3 Computational domain.
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Fig. 5 Relationship between Cp, and Rey
obtained in this study, and comparison with

previous studies.
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Fig. 6 Isosurfaces of the second invariant of the
velocity gradient tensor of the flow around Basic
n = 8 at Rey = 2500 and Rey = 120 000. The
wake region’s opacity is adjusted to improve the

visibility of the tree’s branching part.
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Fig. 7 (a) The y —z plane used to obtain the
spatial average. (b) Streamwise evolution of
turbulence intensity (with angle brackets (),
denoting averaging over y and z) for Basic n =

4,6 and 8 at Rey = 120 000.
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Fig. 9 Global isotropy parameters of centreline for
n =8at Rey = 120000. Here, Xpeqx denotes the
x-coordinate where the turbulence intensity reaches

its maximum.
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Fig. 10 Local isotropy parameters of centreline for

n =8 at Rey = 120000.
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Fig. 11 Dimensionlesss energy dissipation

coefficient C. on the centreline in relation to Re,
in the decay region of Re, for the fractal trees
studied at (a) Rey = 60000 and (b) Rey =

120 000.
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Fig. 12 Dimensionlesss energy dissipation
coefficient C. on the centreline in relationto x /H
for the fractal trees studied at (a) Rey = 60000

and (b) Rey = 120 000.
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Tab. 1 Time-averaged drag coefficient C, for
paired n =6 fractal trees at different spacings.
Here, Cpy and Cp; denote the drag coefficients of

the upstream and downstream trees, respectively.

2H spacing

NP R
e

4H spacing

W Wl
\

8H spacing
2 w
N i
s S 5
L.,

Fig. 13 Isosurfaces of the second invariant of the

velocity gradient tensor for all spacings.
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Fig. 14 (a) y — z-plane used for spatial averaging,

(b) streamwise evolution of turbulence intensity.
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Fig. 15 Dimensionless energy dissipation

coefficient C. on centerline in relation to x/H at

(a) 2H, (b) 4H, and (c) 8H spacings.
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coefficient C. on centerline in relation to Re; at

(a) 2H, (b) 4H, and (c) 8H spacings.

LTW5b, £72, C.MEIE—E L2550 (x/
H =4.0-7.5 & 10.0-12.0) TiL, ReyOEEZ LV b
TN EL D, ZNHDORERNG, T7XT
DRI 3N T R RIS DT 65#4 it 3 FE Al 1
MEMERT Z ENER SN, LER- T, it
AR OHORIRRE GE VP £ 72132CMEE—1E)
VX TR IR O ot A B A R E S D SRR AR
Tl eE&Z2bh b,

2, BEAKRE W (8H) HA. Nl AD
P o IR 302 H & 48 < 72 D — 05  2HIFIRR 3
FOUHBIROSAITRAHICET D, ZOEWIL,
AR i 00 R FE R R S & OV LI R EE o [E1 1
FEEDEICERNT B AHEERH 5, Z DRI DONT
X, B S DICEEMARRTNLETH 5,

H LD LBEDEELTRT L6, WIino
IR IZ 35U T b P fE sk o0 Dot oD Cold

BBTeIC x 1/Rey THRITE 5, Z DORERIT, 1

KMESINTNWDL T T 7 ZNMEFBIOLF 2T

— I K D IEPMELIRL13, 15, 16, 22, 23], &5

WCH—7 77 Z VAR L BELR 9] IR 1T 5 A

=0 TN, kbl T T 7 ZARAROEZIIC

HRSLT D2 LB R LTS, 2k, FEFHr

WA —1 > 7 O[T % & HIZEA T 55

RTh2s,

S E XAk

[1] Watanabe, S. & Aoki, T. 2021 Large-scale flow
simulations using lattice Boltzmann method with AMR
following free-surface on multiple GPUs. Computer
Physics Communications 264, 107871.

[2] Watanabe, S., Hu, C. & Aoki, T. 2023 Coupled lattice
Boltzmann and discrete element simulations of ship-ice
interactions. /OP Conference Series Materials Science and
Engineering 1288 (1), 012015,

[3] KiGEN, HFARMEZ, OB, IMWEFE ARA e
L — h ClEl#E9d 5 BERR — L DL IR~ 7 o — 2
R—IVDHEDIAC DRI ~, 72533140
343-355

4  ERIHER, ARG, IREF, ARZEKR: 7R
N BRI R D B HLE R O EAT 0 KH
LES 22 Jf##r, H AN 726 S, 85 (870)
(2019) 18-00441.

(2021) pp.

[5] Wahib, M., Maruyama, N. & Aoki, T. 2016 Daino:
a high-level framework for parallel and efficient
AMR on GPUs, In SC’16: Proceedings of the
International Conference for High Performance
Computing, Networking, Storage and Analysis,
pp. 621-632. IEEE.

[6] Bouzidi, M. H., Firdaouss, M., Lallemand, P.
Momentum transfer of a Boltzmann-lattice fluid
with boundaries, Physics of Fluids 18 (11) (2001)
3452-3459.

[71  Wen, B., Zhang, C., Tu, Y., Wang, C. & Fang, H.
2014 Galilean invariant fluid-solid interfacial
dynamics in lattice Boltzmann simulations.
Journal of Computational Physics 266, 161-170.

[8] Prusinkiewicz, P., Hammel, M., Hanan, J. & Mech, R.



FEEIHRBE IR - SEFIFTEILA 2025 FFEEIRRIIIE B &

(10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

(19]

1996 L-systems: from the theory to visual models of plants.

Proceedings of the 2nd CSIRO Symposium on
Computational Challenges in Life Sciences 3, 1-32.

Yin, Y., Onishi, R., Watanabe, S., Segrovets, 1., Nagata, K.
and Aoki, T. 2025 Numerical study of fractal-tree-
generated non-equilibrium turbulence. Journal of Fluid
Mechanics 1007, A45.

Grant, P. F. & Nickling, W. G. 1998 Direct field
measurement of wind drag on vegetation for application to
windbreak design and modelling. Land Degradation &
Development 9 (1), 57-66.

Manickathan, L., Defraeye, T., Allegrini, J., Derome, D. &
Carmeliet, J. 2018 Comparative study of flow field and
drag coefficient of model and small natural trees in a wind
tunnel. Urban Forestry & Urban Greening 35, 230-239.
Laizet, S. & Vassilicos, J.C. 2015 Stirring and
scalar transfer by grid-generated turbulence in
the presence of a mean scalar gradient. Journal of
Fluid Mechanics 764, 52—75.

Gomes-Fernandes, R., Ganapathisubramani, B. &
Vassilicos, J.C. 2012 Particle image velocimetry
study of fractal-generated turbulence. Journal of
Fluid Mechanics 711, 306—336.

Vassilicos, J. C. 2015 Dissipation in turbulent flows.
Annual Review of Fluid Mechanics 47, 95-114.

Seoud, R. E. & Vassilicos, J. C. 2007 Dissipation and
decay of fractal-generated turbulence. Physics of Fluids 19
(10), 105108.

Nagata, K., Saiki, T., Sakai, Y., Ito, Y. & Iwano, K. 2017
Effects of grid geometry on non-equilibrium dissipation in
grid turbulence. Physics of Fluids 29 (1), 015102.
Valente, P. & Vassilicos, J. C. 2012 Universal dissipation
scaling for nonequilibrium turbulence. Physical Review
Letters 108 (21), 214503.

Sreenivasan, K. R. 1984 On the scaling of the turbulence
energy dissipation rate. Physics of Fluids 27 (5), 1048-
1051.

Sreenivasan, K. R. 1998 An update on the energy
dissipation rate in isotropic turbulence. Physics of Fluids

10 (2), 528-529.

10

[20] Bos, W. J. T., Shao L. & Bertoglio, J.-P. 2007 Spectral
imbalance and the normalized dissipation rate of
turbulence. Physics of Fluids 19 (4), 045101.

[21] Kitamura, T., Nagata K., Sakai, Y., Sasoh, A., Terashima,

0., Saito, H. & Harasaki, T. 2014 On invariants in grid

turbulence at moderate Reynolds numbers. Journal of

Fluid Mechanics 738, 378-406.

[22] Mazellier, N. & Vassilicos J. C. 2010 Turbulence without

Richardson-Kolmogorov cascade. Physics of Fluids 22 (7),

075101.

[23] Valente, P. C. & Vassilicos J. C. 2011 The decay of

turbulence generated by a class of multi-scale grids.

Journal of Fluids Mechanics 687, 300-340.

6. EWKREODBDFMESEDEE

WIS OFHR 2 56 8 S B R D JE v DL

FRNT 24TV, & D3 )L X — 8 O FE T & B

BT LTc, BRI O —HRFMEED —>T

& % Physics of Fluids &I S iz, &R

Lz, ZOREIZFIEED Featured article (23R H

INndEEbic, AIP ¥V ¥ —F v ®D Scilight

article IZ b RIFFEH SN, BERDA /37 b D

RESEAMPAL TN D, A7 RV =7 FOFHE L

AT U CEEME LT & 72 BERRAREAT 2B L T b HER A

BFOIROTND, EO—MEENDHETREL

Too T DOHERIRNT & T2 1H5 B 1 2 BUE TR RE R

biwe LT, BPUREDO VA NV ZHURFE, B

KO, BIRDEMEE DB 2 R RANHATE 5

RiAB T D, TDORRZ AT D,

X1 AREELV T ITANTY



