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Abstract The interaction between organismal morphology and the environment constitutes a central theme in biology
and ecology, providing foundational insights into how natural selection shapes the evolutionary trajectories of species.
However, previous functional morphological studies on sponges have predominantly focused on their overall shapes, leav-
ing the functional significance of other structural features underexplored. Parietal gaps—the conspicuous, large pores on
the body wall of thin-walled sponges—are likely an adaptive trait for deep-water settings, as suggested by their bathymet-
ric distribution. The origin of this characteristic can be traced back to the Cambrian Stage 3. Nevertheless, despite being
documented in both fossils and extant sponges, the specific function of parietal gaps remains speculative and debated,
lacking objective quantitative validation. This gap in understanding the morpho-functional principles has constrained pale-
ontologists’ ability to interpret organism-environment interactions and to leverage the morphological features for paleoen-
vironmental reconstructions. In this study, Computational Fluid Dynamics (CFD) was employed to explore the function of
parietal gaps, using the hexactinellid sponge Euplectella aspergillum as a model. Comparative hydrodynamic models were
developed to reflect the in vivo physiological condition of E. aspergillum, enabling simulations and analyses of flow field
characteristics more accurately under conditions of three Reynolds numbers (Re = 437.5, 875 and 1750). The results
demonstrate that parietal gaps significantly enhance passive flow and generate consistent upward currents within the atri-
um, thereby supporting essential physiological processes of the sponges, such as oxygen uptake, waste removal, and ga-
mete exchange. With the presence of parietal gaps, although the time-averaged drag coefficient of the model is slightly in-
creased, the amplitude of drag fluctuations is markedly reduced. Collectively, this contributes to the stabilization of the
mechanical environment, reduction of vortex-induced vibrations, and mitigation of substrate erosion risks. The improved
water exchange and mechanical stabilization conferred by the parietal gaps may offer critical advantages in low-oxygen,
deep-water environments, effectively supporting the sponge’s physiological functions. In contrast, in oxygen-rich, shallow-
water habitats, these benefits become less pronounced; the presence of parietal gaps may even impair filter-feeding effi-
ciency, potentially resulting in adverse effects. This study not only reveals the underlying mechanisms of parietal gaps as
an adaptive feature to deep-water environments but also highlights the potential of CFD as a tool for investigating the mor-
phological functions of deep-sea and fossil organisms.

Key words Porifera, Euplectella aspergillum, parietal gaps, Computational Fluid Dynamics, passive flow, deep-water
adaptation
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s R o E I JE R E L —, A
DOBIE W5 A ShYIEIRH R BT TN R, RIS
WP ES RGO B3 R U4
K (World Register of Marine Species, WoRMS, 2026)
Guit, LA AR B 9S00 Flt, T2 40 AT TR K
W) T B RS 2 AR BT . WA TR A A IR
B RIS L, R A 5 AT A
Bl iz — . 1R 2 R R, KB &AM
DOBME IR 2 0 R 2 B Mg 4 TR A 1) £ R 3R 85
F(Bell and Smith, 2004; Bell, 2007; Schénberg,
2021). HINBE TR B, 40 75 O TE 25 4 AIE 3l T
I T8 B Ty RE i B A, 8] A R AR AE B U P Y

I3 AT AR B FE BT AR N 3 55 R AIE 1) 48 75 48 bR (Bell and
Barnes, 2000). 4l e 7 45 Xl 40 i v AT R AL
BT TR CAE 2 U TAE RS BN H, IR R
U 1 AT 5 4 M 5 3& H P (Lawler and Osborn, 2008;
Gerovasileiou et al., 2017). Schénberg (2021)i#f —
WL T — B 10 2807 %, X 4 17 AR A
B A K, BESER . POk, M
ARFVE LRSS . SR, DA I IT 2 TR T IR
1488 BT A 1 GG, o6 e B 45 1) 72 5
7€ PR bR A I BAR ) 2 L AT Sk = € AR .

B £, (parietal gaps)/& — Al fE FL A SRR B
DiRe . H 5355 B ARENLE] v A B 1) B 28 45 4
fiE ol BE 173X — A1 B 5 B Schulze (1887)7E fiff
T 7 BE L 5N T80 47 (Hexactinellida) i 38 H, 58 M-
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“or AT AEAN A AR S LI, U 4R P9 BSR4 Bl
MIBE L5 AP EE A REAT /v LSS #” . (Schulze, 1887,
p. 47)o X JE N BE £ 45 #4) FH XS 5, G AN D T EE
ERETE ORI 1, = 52 A B e i, Hk
JE A8 0 = R L (W14, 2004; Rigby, 1969; Wu et
al., 2005) (¥1-B). FrFEslad dKE R > &
WA IE A, 1% G5 K 32 B BLAE B K R 7N T80 4
B (E1-A), 855 2 AN B8 W Lantianospongia (]
78, 2004; Xiao et al., 2005). Hintzespongia (Rigby
and Gutschick, 1976; Rigby, 1983; Rigby et al., 2010;
Ren et al., 2025). Ratcliffespongia (Rigby, 1969; Rig-
by and Church, 1990; Wu et al., 2005) A & I A= 2 ¢
Euplectella (Owen, 1841; Schulze, 1887; Tabachnick

SREELE W, e PEST]
Above the wave base  Thick-walled sponges I Thin-walled sponges

A REmAT D B W
Below the wave base Thick-walled sponges L Thin-walled sponges

REHE

Number of genera

i |

ERE ame EEE SREL ARE I
Cambrian  Ordovician Silurian Devonian ~ Carboniferous  Modern

HeFRESEA
Geological era

Pl ELOEE S AR I BTN AR AT L AR B8 S A AR Y SRR AE
Fig. 1 Temporal-environmental distribution and typical morphology of
fossil and extant sponge genera with parietal gaps
A ELONEE FUIE SR 1 25T I QAN A 55 30, B SRV oAb SRR ST
B. ELA5 & BE R0 BE 5L 4 Ratcliffespongia perforata (5| H Rigby, 1969, pl.
25, fig. 2). C. A J5 B AL BE £L 1) Malumispongium hartnageli (5 H

Rigby, 1967, pl. 101, fig. 1), LI B, C=2cm.

A. Temporal-environmental distribution of fossil and extant sponge genera
with parietal gaps (data from Supplementary Table S1). B. Ratcliffespongia
perforata with thin-walled parietal gaps (reproduced from Rigby, 1969, pl.
25, fig. 2). C. Malumispongium hartnageli with thick-walled parietal gaps
(reproduced from Rigby, 1967, pl. 101, fig. 1). Scale bars: B, C =2 cm.

et al., 2008). Walteria (Schulze, 1887; Ijima, 1901;
Shen et al., 2021). Regadrella (Schulze, 1887; Ijima,
1901)58; ek, 18 7] Ab AR 7K A 58 1045 5T i 4 AL A
Petaloptyon (Rigby and Collins, 2004)7" 75 45 4 i& .
s B H, A TR R FH 9ROk 5 <K Rl o 32
BT R KB S0 R AT, DAV RS T (29 AN ROR
B KRN FE (Peters and Loss, 2012; Flemming,
2024). 1zX) 7 77 ALK B Sy Aot s B BB
X, B4R A 55 03 28 h BAT S s i) wl AR 1
TR 2 BRI £ AR TR KB, HoAk
Bt Py Ah P JE A A, PR AL R S5 (Kruse, 1978;
Savarese, 1992; Debrenne ef al., 2012). X1, 5 #F
RNV BESLAR EE, AR B A A BE SL IR R R
I B AR EE /N(Kruse, 1978; Savarese, 1992; Gibson et
al., 2023; Wang et al., 2024a), F I & 75 5 i 40 0
BEFLAE R 0 ELAE RS o [R1 e, 00 B L 465 A i 35 2k
WU Sy 5 9% K PR 55 1 — Pl 3 . 14 45 1iE (Carrera and
Botting, 2008; Carrera and Ortega, 2009). ZAT, Bl A
WA HRIE 5 — P <l BE L7, 1% 45 WA DR A AE TR
K BE AR AL A (B1-C), HoAb A i g dpe B T B 1)
% KL gl (Carrera, 1998) (& 1-A), %] 41l Larispon-
gia (Carrera, 1998). Stioderma (Garcia-Bellido and
Rigby, 2004)F1 Arakespongia (Rigby, 1970)%% . 7£iX
A, MR EE B FLIR 5 KR S E IR
S MR VT T A4 BE JRFE, AL 2 )ik 25 R B HRES &, Al
1FE B E M RGN . B, FREE K
B b T L5 e 2 (0 BE FL F) 45 A4 RRAE A T e R
REHSAF FERUR 22 5 o A ST U BT 96 0 R A 4 1
BT BE £

R ) BE FLAH < 41 TE B 2 (W AR FE M REER
S, (K Z 128 TR /IR, A X H D)5 4R T
(FA 7%, 2004; B4 52 K, 2015; Tjima, 1901; Wu ef al.,
2005; Botting et al., 2017). <M BEFL ) B AR TN RE,
H A A7 AE 2 AR Ul (R 1), HIX L8R3 - R B TIB
A WLEE T AHEN, SR = SEI0 WL %% € B AR
P 3CHF . HFR AT, /NN i 4 O B L AT g A
& 2 B AR B T Re, G AR U 5 B 8 7K R (passive
flow) /7 T AT BE B A B EAE T . sl K2 i 3t
/KU B 5 BB AR (i 22 5 086 ) IR Bl
TR, I AR O IR, X T AR
T B FEBE E (B A48 Bh HE B 18 3 AR AR B 3
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Table 1 Proposed hypotheses on the functions of sponge parietal gaps
KV MR
Ijima (1901) AU EEFL AT fi A2 YR A2 1) H 7K L (oscula)
172004) W%E‘L ﬂJ“H‘EEE‘u AI*‘lijg“é: ﬁ%“ﬁ’%&iﬁﬁil‘cﬂ{iﬁ; ﬂJ‘ﬁgi%%éifﬁ@iﬁé’jp?ﬁéﬁw:%EFI"J%E%;
TN R4 N B B0 7KL, DR AR A AEIE B I R P R RV AR = IR A AR
Wu%(2005) MEEFL T e -5 98 & 7K B FIHLHI A D% X B BEFL 2 H 7K FL (oscula)ids /& A 7K FL(ostia) W14 475 448 A W
MRZH(2015) B FL AT 8 ik K R, B R £ AR
Botting%(2017) ANEEFL A% Ik e A — 5 v FEE 1 S 5 A L
B AL R A% 2 25 1 5 o o fls P AR Bl K AR AE 4, FETE A b TR, AT T S B
AR AR PR T C T A0 4 S5 0B AR B AR, I, X5 LA B g dh 4R i ) A Aa e 1,

USSP BRAIR BN, I PRI R AR ok UG SR T, (U ALY 77 ) REAE — e AL b 1 553 4 1 E 3 IR AT A

(Vogel and Bretz, 1972; Vogel, 1974). % T4 F
BNEE K P £ B 1 = AR T A (Hadas e al., 2008), F)
FH A8 7L S5 30 ) A 50308 <O i L), AT BEARER
T EERE AR, JEHALRIK SR E 77 32 IR B A
il B KB IR IR b, KSR FERE T 4
J5 1 B AT 3% 5 U (Leys et al., 2011). 4R, EAT M
BEFL A5 W 2R BN VD B2 A a il . A
SRR I A, 3l oy O BE FLAH 5% 1) Tl e
Foor ok 1 Bl AN [R5 55 DU R A 1
L7 7 S B W A A A S RS B IRAE A A
TR AR AR ANASCEUAE M B2 O, 0 0 AR AT J5 A5 WL
5 SEEGIAIE .

201227054, Vogel TG R H 4 & A1 ML
POIERT UL 1 — RBAK T 5 SE 5, i i 4ns)
Yok A B4 B0 AR AL (Vogel, 1974, 1978). R
HLBEAILE N 7K FL(ostia) % A5 B 7 THI 47175 2K 3 11
I(Vogel, 1974; Reiswig, 1975; Gibson et al., 2023),
(B i R 00 AL 1) B A R LR 2 45 7 T 5 0 B L A
iE &1 FE M &, o A SCHUTT Jee 1 00 BE £, T et 98 AE 7
S S AL H R 7 R A B RS . A
52 2 N S50 5 AR B ), U 3 R 1 1) 23 A A R B
V2 KB 1 R BESR R . ITAER, THERAA )
2#(Computational Fluid Dynamics, CFD)J7 12 1% # &
J& BN I AT A DR i) 2 TR, NIR/K IR
T A ) 5 AR AR ) R ) R AR A 5 gy B AR
PLIR Gt T A . AT Y3 SLEe, CFDT ik REW
SR iff b 220 o A Y ] L ) 9 A 5 M S R s 4
| g 5L ) B FL 1) Bo] £ A% 2 [R] /X 47 (Porifera: Hex-
actinellida: Euplectella aspergillum), #i N\ & £ I &
T —RYICFD#F Ft . HH THF 58 H BAN A, 3X 2L hft
FoATs A e AR 4 A 255 (0 BE L AK) Th € W) AL . GnFal-

cuccif (2021, 2024) R G0 M 1 AR S 7 B R AR
()N AL, (0 AR R 5 R A 23 () 52, B 48
FLBR 2 5 v AR g 47 A7 AE 2 35 22 5, IX ] e S R UK Bl
73 W N Y B B (Leys et al., 2022). FernandesZs
(2021b) g gt 1 B8 B2 i A R A 1 4 A 1Y IR T R
T LA KBNS W, AR T OV E A 2R S T
J1EAVERE, PR IR IR L (Re = 5500)3% = 1+
IR AAEIEE, H AR RFE T N,

AR AN B £ 25 1) Xof i BE T 45 N AN 1 5
Wi e e 3 BV S, AR FEFE T X E. aspergillum(f]
FEAIM S, G371 B 43 L B S AR B R ) = A
B, R AR AE S KIE A TR T
THERAR )220 18T BUE AL 2 B, B AR
Bt L DI B8 I AH DG AR Ut 12E A7 s 36z, AN T S 78 7 e 4 B
HAY ¥ Di6e .

2 Ui &
2.1 3DiEE

TERE T INEEFL 25 1 1 2 Phoifg 25 40 A0 F0 I AR
W2 s W), A Sk BB AR VR K N TRUEE 4R E. as-
pergillum{E NS R, IX FEIEF DU A
R Ho— o 0 B L2 A R 46 e SR IR 1Y)
B2 —; H =, X — M AR, AT
A 47 R, B 5 SR B L S PR T2 22 300 (5
B BEANER A 23 53 A1 )R HL A V5 I (IR 2 30 (an 7K
Ry VLSS, SEIGRIAY R 40 9 TR 93D T EAL
& 8 4 Blender (Version 3.6LTS)H) 2 . 2 A id 2
e 52 T OVAEE. aspergillum b A 1) S x4 4
(B2-A), LI ET N B R FK I Euplectella)® 1% (K12-B)
A 5T 45 S (Owen, 1841; Schulze, 1887; Hooper et
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al., 2002; Shimizu et al., 2015; Falcucci et al., 2021,
Fernandes et al., 2021b; Chen et al., 2022). % &
PRTE19 om (AN ELHE R 200 A7 A = ), BEJE£0.25 cm,
7 (cuf) 5 2N 0.6 em.o 17 B (sieve-plate) K il 15
B N2.8 cm, FHHHN2.6 cm, &1 cm, F0.25 cm (K2-
C, 2-D). fEMREH M@ BL R F, 2% 7 Fernan-
desFE(2021b) ) — L& J 1

(1) BT G AH X T 47 (1) K il 2 4500 A

(2) FHABHF LL90° A #H AL

(3) MHAPE A X, H A fE 2 TE TR E £,

(4) MR 15 AN I 5 B B E AR I .

TESEBRAR A 1, WA (1Y) v B A A 8 B2 o 1
T 25 AU 1 e 3, (R L HAR B AR AR MR 2 57 HoIF
e, S Tar NS IgiE s et ir v
RO T, FFIARAE O 3 AR AR TR/ 4
BT T3 3N, BN i 45 B BE 5 A A 1) )
Jin [ (Falcucci et al., 2021; Fernandes et al., 2021b).
A T ARG BE T AE AL O TS R, PR AR AR Y

E 60 om

—!
-
-
-
-
- 50 cm
-
-
-
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R S ey B IR L R LR L A

l40cm

e
s il

IREREENRR RN
5
)
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i

P2 BB FLE 40 FO T A 5 CFD TSI
Fig. 2 Morphological modeling of sponges with parietal gaps and the CFD
domain

A. E. aspergillum MW EE LB J2 454 . B. E. curvistellatalf1 55 R bR A<, & 28
1 AL 8VE i (5] [ ShimizuF, 2015; Figure 1B). C. JflIEEFLIELBEAL
D. E A EE LI E2BE R, FL45°80.12 em. Hrh B Sk HE R IHAR,
i kAl . E. CFDUF SIS RL IR, o R34 7 (inlet) &2 J&& 5 T i
% BE 1 14 5t 2% 1F (no-slip wall boundary). F. CEDHI TN E, 7Rk
Wil F(inlet). HHIR: A=2cm,B=5cm.

A. Siliceous skeleton of E. aspergillum. B. A specimen of E. curvistellata
with soft tissue preserved (reproduced from Shimizu et al., 2015, fig. 1B).
C. El model, without parietal gaps. D. E2 model, with parietal gaps; Each
pore measures 0.12 cm in diameter. Black arrow points to the sieve-plate;
blue arrow denotes points to the cuff. E. Side view of the CFD domain,
showing the inlet and the no-slip wall boundary condition at the bottom.
F. Top view of the CFD domain, showing the inlet. Scale bars: A = 2 cm,
B=5cm.

AT W B T Ak ER SR D Iz ity 4% MR X
WY XTE. aspergillum & 521 SE P B s (E2-A), 1B
FEAK0.2 em, 55 0.6 cm (&]2-C, 2-D).

AW AT EF IR M BEFL W ThRe, ek @ T
PR ZEL 0T RS RY : k HEL ZELABERY (B 1) oA 162 2 00 B L 465 4
(B2-C); T g2 3 A AL (E2) U 51N T 5 H seifF 4 4L
1 RSH(EAR0.12 eon)AH 24 U BE £L, HEH1 7 X%
Chen%§ (2022) A A . 155 1Y £ B 26 547.63%, 5 Fer-
nandesZs (202 1b) A ] 6% S ChenZE (2022) 45 7 ()
8%HHEA(EI2-D).

2.2 HERELZESHR

BB BLPLR H 2 T BR AR U 1 OpenFOAM
5.x (Jasak, 19964 {1 #EAT o 1F B % B 60 cmx
40 emx50 em ¥4 75 1A X3, 5 FL A ] 43 1)
i A B D SR il S (inlet), 1582 [ 2 7R BE B
K 518 emff N K AL (KI2-E, 2-F). J&T )%
SRR B, FE AN A] R 4R BAR R AU 786 B AT
PR AR F g, WO S 4 SHELAE IR Bh A AT A LA
B X (Wang et al., 2024b). F I, AT 50K+ 58 1
PR IR 7 R 130 R 98 E DN [ E B 100 m?/s?,
HARD TR R R I E %A (Wang et al., 2024b).
IR S i G R AR R TR 30 o G T RS B TR R 4 1
(no-slip wall boundary). A& 615, 20 #AKAE
F J1v] sg 5l k2 i 4 T2 A% . 1 H snappyHexMesh T
L AR 45 28 ST X AT TR R R AR 4L,
FREAT PR TG S DR AR 52 S A KD, DA
17 g5 o3 HE R AT B

SRt 0B L 435 ) 7 AN [ 9 38 A 85 o ) A
J12E e, AHIE AT 3 T IR KT R X 38,0—10 cm/s [
SE IS 3 43 AT (BT 5 75 4%, 2020; Owens and Warren,
2001; Yanagimoto and Kawabe, 2007), i£H{ T =/ E
AR F A 9 5 B (Re) T L HEAT B, 49 B N9 Re =
437.5. 875H11750, T LI E LA Re = ”71 H
U, DR AE K BE R BE (AR Wi 7 A 3de B 1A
BRI EH 1 ), vATRIEIZSE . % TE. as-
pergillumti )5 F2—10 °CHI#E KA B, 3 & K iz
HFEv=1.6x10°m"/s. HEIIARERLE ST
A REAEALE B/ INE I8 30, 1% 30 P 1 S B A mT e A ZE A
68 it 3 VHEAE 16% 1 ¥ 7 Ml 22 (Nayar et al., 2016). A
HIF T2 e RAEAL I (U = 10 cm/s) XS N R AE 57 V5
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HoN1750, 3 AT PH g 22 BOR % B i S L I X JA)
(2x10° < Re < 5x10°) (Lehmkuhl et al., 2014), [ 1%
FH 2 I B B ik AT B 0L o 7E SR A 9 ZE- 37 4T v
(Navier-Stokes equations) /7 F£ il 3% &2 ¥4 77 F21, K
HPISO (Pressure-Implicit with Splitting of Operators)
S A PR —18 BE R 5 ) @ (Issa et al., 1986).
BUH &5 R im i TR ParaView 5.13. 152 AT f14K

3 SR
3.1 EBSMNRRIAYHE

JURN (i) BR 79 Foh AR B IR 3 1Y) 29 AT R ALE, AR 5T
T 0 2 G 1) 5 THT 4 T 3 B s B (13-A-3-L) Al
WEY(H4-A—4-F). 45 R TR, ELSE2EA ST
Iy 100 2 W s 5 46 v PR ARLARA, (A S 3 85 i ol B
X 35, RIE2 Y PN K A T AEE R 2 7. K
TAERL R HT ORFF I K28 3, FRAERL AL H HH o /T 2%
T R b I X 3, G e K i B B ) B AT TA SRR
THIERI90%LA b o B J5, 12 i AL AR 3 07 A T 0 gk
— PN, f K B A BRI L1245 . E E
Uity Ji %, TR AR o B — SR A T AR ERE R R R Ui
FR) 3 52 70 B R R B, B R IR T X e 3
IPAT BN o 53— FB 43 T A4 A ) B T T 1 [l e X
I 5 [FAE GedAH BAE FH, A8 BOR R (tip vortex) (13-
A-3-F, Kl4-A-4-F). fEXMHREFH=MAIXEN, R
I 19 1 (Karman vortex street) i & 2 f1 ], B kb i Pt
I X8 L WA BB B IR T2 X . (EEE R
&, B2A5E 1Y (R I 52 e 3 Bl B E VS 28 B /N (1414-A—4-
F)o %2 5 A] g 32 2l DUR W07 1 R R S 8 (1)
LU 77 i S b o e i R A T
B MU B, HI55 7 R Y (downwash flow) 55 JiE ;
(2) B2 B w8 2y AR 28 5 0 1 el o 110 00 B LA
Hh, TR E — A ] T Vi X3 2 ) 9 (Faleucci
etal., 2021), TERSIREEITIX TR A, R Tk
R 3 AEH, P RIAE B B I A 41,
EAR SR 2T 9 B4 v 30 Bt ¥ (K 4-A—4-F) . ASHIE 5T
ZH AR A I 1 32 AR AIE 5 B 1 A B A [ A
S FEA—F (Park and Lee, 2004; Sumner et al., 2004;
Palau-Salvador et al., 2010). B 5010 & B, b6 55 %
EFRA, R I 1 25 ) 5 Y L 20— e AR FE PR
A, RS U T L SR Y S R IR )

(%) 2 JAE T 435 A, JHG 52 e T ] o A 0 A AR T 9 g,
BARA55 T FARE o b 1m0 e 14 % A% [A) B 7R
—EFRRE b T BB AT R X (E13-A-3-F,
Kl4-A—4-F). BERHREEH IR W T4 BR A [ AT: SR At S
5 (Sumner et al., 2004) .

3.2 HEEAIRIAFHE

5 AN AN R, PRSP 5 7K A
BRI . ELMEEFLIEBIRL KR vk 2
BEGEN TR UL o BB R A AL 30 R
HAEIR(3-A-3-C), 1 Ji #9i 3 W] [R 6k = = 90 1)
M T2 0 (E3-M=3-0). - #BAEFF 3= 5 b T 38 v
K= A2 AR X 5 75 5 1 26 M 98 3 (viscous
entrainment) &% . B 31 (Vogel, 1974). B AKFR I A,
KA A HOKFLAT S S R SR, B 6 X ki
H(BI3-G-3-T). 1M 7E B A il BE LA E2RE B o /KA
AT A B FL R N HR SR, T B 9 B ) T B R 2 A
B 4w B ETHR(E3-D-3-F). R B R T5 4 =
KB N T RIS AL, S8R S 1
7 /R FH 55, AE KR TE OB £L BT 2% ek 33 B 7= A2 11 Ff
N (Vogel, 197484 T &4k 5h 77, BRI, I
ZRE2ME AL P U 2 R T ELRE A (8 3-M-3-
R), H i & B 2 SR BB B (308 4015 (R 2). It
b, B L A7 7548 45 100 N AR g s () 7K I R AE 2
— B4 K A E I T U PR BE AL IR HE AR 0 U
AN T3 ATIER 7K FLHE H (]3-D-3-F). Bl
BV H(Re)3E K, HEN A g fis = R s AR AR 2 1
[Fi) B 28 T30t 7K FLHE o i o bk 2D (3R 2), X
— 434 HFalcucciZ (2024)7E Re = 100—50007 [# 4
M3 R — B 7 AR 0, AR H K
FLI & &5 LE & FFalcucci®s (2024) 52 36 45 (3K 2) .
X ] A T A FU R R LR R (7.63%) 42 30T
A 200 B0 1) A2 3 I A R ) S bR AL R R, B KT
Falcucci%s (2024)% H 1 9 4 B 2245 7Y (41%), AT
Yk b T I EEFL ML . /ERe = 17508, i3 —
WL 8L B BRI P 3R i — 4P i B TRR AL N =
Y02 e b T (& 3-P-3-R). FalcucciZs (2024)F) SZ
B AR IE T AL R AR IR

3.3 EAhEHAD
FEFTA T T (Re = 437.5—1750), E2RE 7Y (1 i
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’j‘,ﬁ: " E2

#E, Ro=875

F3 BRI LRIE2 ) B 3533 15 3%
Fig. 3 Time-averaged velocity field for Models E1 and E2

Y& YoX YoX
P 7 E2#%, Re=1750 | Q E2i%&, Re=875 E2i%, Ro=437.5

2 2 2

YoX YoX YoX

Velocity magnitude
0.0e+00 01 0.2 03 0.4 0.5 0.6 07 08 0.9 1.1 1.2 1.3e+00
| |
I B

A-C. EVL R FI T I PR 2R 50 A o D-F. E2RE BT A I B9 IR 20 A o G-L. K FLRTRIA 4075 (A-F B9 B (2 T7 ). M-O. EVEE T A = 4
ELH . P-R.E2BER 3 = AR S5 4 . R SR IALE FE U AT JE BN AL AL B (U = U/Uy) . KR TT B A ZE Tl £
A—C. Time-averaged streamline pattern in the longitudinal plane of Model E1. D-F. Time-averaged streamline pattern in the longitudinal plane of Model E2.
G-L. Flow field details at the osculum (black boxes in A—F). M—O. 3D streamline structures within Model E1. P-R. 3D streamline structures within Model E2.
Velocities are normalized by free-stream velocity (U* = U/U,). Flow direction: from left to right.
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Fig. 4 Vorticity field (w,) and root mean square of the streamwise fluctuations (u’) in the longitudinal plane at the centerline for Models E1 and E2
A-C. EVEL R Y3 18 KR FE ) (,). D-F. E2RET N T AR E 0 (w,) . G-L EVBLRY B30 10 Bk B0 ()35 5 AR o I E2ABE 2R 9 0% i ik 3 (u )3 AR o %
163 8 R FH SR AU FE U A7 B A R = w1 U)o KRS AN 0 A

A-C. Vorticity field (w,) in the longitudinal plane of model E1. D-F. Vorticity field (®,) in the longitudinal plane of model E2. G-1. Root mean square of the
streamwise fluctuations (u’) of Model E1. J-L. Root mean square of the streamwise fluctuations (u ") of Model E2. Streamwise velocities are normalized by free-

stream velocity (u’ = u’"/Uj). Flow direction: from left to right.

BB R BU(Cp) R G T USRS, 445 Y
[ Cp 35 B T T BURAR Rk 35 (3K 2). %4 RS
Falcucci® (2021) [ HkIEAH 42, J5 3 I 9048 B 42
PR ) REC RS OB R A . 22 55 ] B
U5 T Falcucci®s 5k H 1 J& 1 ¥ 4 5 2% 1 (periodic
boundary condition)f&i ¢, T Sk BRI 5l A 68 78 43 S Bk
SERRI BN A I S GERON o TE = 4 R A Se I iR
(] A 5 YA 10 T J5 1) T e T A R i) R 1T A Y
KR, M 5 25 FRAK BH ) & 2 (Sumner et al., 2004;
Palau-Salvador et al., 2010). 1] 7E A B 58 ) B2 7Y

w0 BE AL 25 R R A R 0 59 T R B TR B T BRI,
XA R H B R 1 E B R

JUE BB B ) & BRI, FFH ) &R Bbs
1HE 22 3 0 3 T ERL R (3R 2), 1X R W B2 B Y 7 3|
HIBE 3 sh B /N, CA B8 i (Baban et al., 1989;
Baban and So, 1991), #& & J5 J5 ik 2 [9] 7 A2 “<3F & &
BH OB R RIR . LIRS R BoR, B2 815 J5 1
kSl B R 55 TEIE Y (K4-G—4-L), £ =43
Bl Hp, R THER <l 58 A B IR A 5 R Mk Bl R
()< BEK 2 (Baban ez al., 1989; Baban and So, 1991).
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®2 EIME2AEEMRESESRIENFEREIIEE

Table 2 Comparison of flux characteristics and fluid mechanical coefficients between Models E1 and E2

A ZH Re=1750 Re =875 Re=437.5
El N 3490 3 ZRU(T,) 1.3198 1.2666 1.2299
BN 37.54x107° 9.008x107° 2.187x107°
FH ) R ¥R e 2= 0.0356 0.0071 0.0039
W 1T BT, 0.0728 0.0595 0.0522
TRZE Hh I 1 T B (m/s) 65.95x10° 14.37x107* 4261x107°
3 B T PR 58 22 (m/s?) 93.11x10™* 23.25x107 5.166x107
IS Ji7 B T 58 2 (m/s%) 108.4x10°° 28.14x10°7° 1.941x107°
E2 S| RIEY (o) 13586 12712 1.2493
AN 38.65x10° 9.041x10°> 2.221x107
(VARG 0.0292 0.0028 0.0033
W97 1 ZH(T,) 0.0540 0.0547 0.0397
WP I I (ms) 2033x10°° 531.4x10° 133.6x10°*
HKFLIE A7 EE (%) 39.52 55.53 64.14
i B ] PR 58 22 (m/s?) 72.85%x107* 18.38x107* 4367x107*
I R T R 58 2 (m/s%) -93.57x10°° -16.71x107° ~5.669x107°

T ERET R SR M TH SR, DLRR R A A TR 50 1

Note: When calculating the wall pressure difference, an inward-directed pressure toward the model is defined as positive.

DRl 1k, E2AR 28 1 T A 55 1) T e A 5 3505 s B 357 B
71 ZH [FIE, STk S5 1 FH Bk Bl 9

T LA R (R B ¥ 70 R (L)Y R IE B (3R 2),
IR G AEX PR IR 4544 32X, Fernandes%5(2021)
ST T RGAE . I EE FL 45 4 C, (H B AR
T 418%—25%.

3.4 BRHINEE

TS PN A1 BE 1 e 22 W] e 6 B S AR BE B ) B
UM (E2-B)F BN I IETE B P2 AR A . AR TN BE
FLoGT A4S Y BE TH] 1 22 B ST, 28 35 T T A Y B
F100/N 359 5] 3 A7 a5 e 22 35048, 45 2 T BE TN Ak
JE5R 2 (K 2). 45 R RoR, 7T BE LI E TR
RV RETH ¥ 52 B Fa AR T N R R 7, FeH R
BETH BT 52 1 6 )3 KT NI RETH, 2908 J5 # 8—
25f% . SINMIEEFL G, B2 R 1 3if Bk 1 BT 52 F) 1) Y
JE 7782 9k, B REVBLAL ) 2978%—85%, HEE %
T ETT &, FRERE N . R IR T2 R
JITHIT7 I R A T AR A M e %, el Y 1 2R R Ah ),
2 (L 0] 2 B K 56 270 1) U B R I - T v TR A
FAF T (1750 12 875), B2 1Y 1) B [ 52 7 98 JE #LEL
3B BE T 13.7%F140.6%; SR1M, 2475 5% %4375
i, B85 Y TS 4 5 T 8w K SF 1 Ak I g, H 4
SHEZ1 8 EVBRL2.965% .

4 T W

KIH LK, W28 30— B A 938 T F M6
K 51 R R B 13 AT 9E B 1 i B 45 (Vogel and
Bretz, 1972; Vogel, 1974, 1977, 1978). AT, i Tif%
AN TH IS5 I i FE 2 AR, PR /KRS AT
4H ffd(choanocyte) 3= 3l Z= 1% By 7= AL 1) N 5 7K It 2 18]
(1% A ML) BT B DR 420 T S (Patterson et al., 1997,
Leys et al., 2011). | NHF 7T 45 R R W, B £155 1)
BT I A AR BE, IR KA 2 3 2 20 E T
BB P i S T B8 42 (Shimizu et al., 2015;
Gong and Li, 2020; Shen et al., 2021). 38 i ] BE 7L,
N H I () KR 32 2 2 PR B Sk AR R, AR
A2 g 28 52 R A BRI o HLX A3 /KL i
AN J5, WAE R N 5 AR R 2 R B 9R
15 72 AR ) KRR AR A ELAE ), SRR 52 i 45 Sh 0 1)
AR BIES) .

FH A3 52 5 245 5 AT 0, M EE FL I A% O DhREAE T
AL A BRI I 03 B v e B R Bl U (A3,
F2)o HANNEE LI I 45 A5 Y B B U B S T AR NI
45 Aphrocalistes vastus 1 7K LA 1 5200 7 & 75 £X
B M H(Leys et al., 2011). fIEEFLFTE S K
JefiE B TR A B TR BRACE R AN IR Y, R 1
H O P A KA A
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F B FRIE R — TREFE R = 1 AR FRIE B), fE 38R
ML B FEIEA MR BIR KB, 45 7] B fE
R LRI 50 B (Leys er al., 2011). 1M EHF4RANE K
B KRR S5 IS DL T, R 240 4 HUZ H 3R
AR I ME — 518 12 (Hoffmann et al., 2008). 1 H
] B FL3E N B 7 3 R A e e ] L i 2 4 2R
P 5 KA, DLk B A 3 3 28 26 R IR
I, WA 2 AT RF SR R . A, iR
(7KL BEAR T 4B 7 (3-A-3-F), &K 7 7KK
TE i A [ BRI 18, A R T4 F I 7 e ik,
K B B BT )3 7T B A1 3 g 4 G 1~ 28 # (Falcucci et
al., 2021, 2024). 5 LI 8w BB B4R 2 (Faleuc-
cietal, 2021, 2024)MH bb, A0t Fi 4 R R, A iER
AT CEZ EMEARAZLRE TR E R 7O
45 B b B ] B A 0 R FH A 3 K, 8 AT Ui
A B FL PRI AA A5 %, DT i T 445 A 40 Jo 52 6 ) 2 A

WA, AHIE T () B4 25 SR 2% B, 0] e AL 25 4
e S S S DA N a3 VAL s 00 B R T S
17 LR P i 407 SR U BE A R, RN I SR—R AN R B
BEFL, IS T 55 3K B R A R PR T b el B (1E3) .
TR A2 BB/ BRI 49 R i, Tl i 3K B0 I A £ ]
RE O 2 DA™= AR 7 5 A o O Jis 1R 48 30 3t (Gibson ex
al., 2023).

) B FL I S 35 038 T AR BTS2 K Bl I E
BRI S, B LI A7 75 10 ¥ 25 I I S5 BH ) RECH
JIT 14 n, AH HC 9 S0 P W 8 PR (3R 2) . A A= 3d
i B SR B PR B RE ST, 90 an oK B SR B
77 7] #3100 N (Milligan and DeWreede, 2000; Di-
martino et al., 2015), IR BN XUGE B W) It & T
A 3£0.14—5.5 N (Peyer et al., 2009; Clements et al.,
2018). E. aspergillumZ< B 54 A KI5 [ R A A0 1
1) & 48 45 ) (Fernandes et al., 2021a; Chen et al.,
2022), [H 1 f% 15 £9.0.001 NF¢ BH 7738 i (2% 2) % 2 [
F e e VS R e B Y s e v 2R AN TE . T R
VAE 318 DL oR . RN R SRk S S SRt A RS2
58, A BT R AR 51, R e 4 A DR 98 5 1T I
R, JUH R N 1 25 (Fernandes et al., 2021b).
[ IR, e R 1] BEL 299802 1 i 4 A5 T 3% H 1) A
SEZh M B, A5 58 6 4 KA X AR E B S T, X
ATREH B TR E R AR e . Ak, HANE

BH 77 9% 3 A 55 10 R e it i8 G Bh ek 4 5o i 4 2t
JE ) 30 RS PR AR sk A sl v 4 1 2 3805 T XL
Ko DRI, 25440 BTELRTE2 RS Y vh [H ) 2 E50R1 FH
FEbRAEZE (T2 50 25 5L, M BE FL 0 A7 A SRSk B
FFIEHE. aspergillum P[5 35 € M

DA 3 B 2 BE A BE £L 1) 56 fe v IR K AR BE &
IR B AR 3 1) 1 49 B ) A SR — L 3E BEAR .
LT, FEERAKIR B, M BEFL ] e fR A AT, &
BATRERCN S o KRB R S N2, 4T
AT D2 R B K () 1) 2 B 2R, N 2 K AR SRR B G
5, S A P PR ) AR K ) 3= 2] 3R (Hoffimann
et al., 2008; Leys et al., 2011). {HSFEERZ, R
VR K AE PR T A AR — o SR L BE FL ) i 4R
A (B 1-A) (R Z K, 2015), Z I R RE 5 B4k
ARV 31 1 1 7 %(Wang et al., 2025). 3
— 77 T, VEE FL B A7 AE 1T B 2= PRI 4 ) e £ 0%
T, H o K 2 ) BE L B B N R s S R
7K LR, oI N K FL R LA 4 i P i B
IR, AMBE L2 o570 i 4 A4 BE P A1 19 T 86 (3R 2),
TEHRK F LRI, X RN N R . AT
JU 3 B (Asadzadeh et al., 2019, 2020), ¥ 45 sh ¥ 3
E Ik 24 RS20 L = 0 (1 85 A T 22, IR Bl K i
o HR AR A TE RS R, M EEFL AT 5
(1) 73866 BE A8 Ak, AT BRAE — & FEFE LM 551 40 1 £
BNIRIERES1. BRAR, X T K X Sk B4 B 3 )
RIERE ISR, T M e v RE 2 S B K AL
Uit 95 5 Rk 55 (Vogel, 1978), 1K A g & Cid i 7K A%
[ XU (Bidder, 1923).

R AR AL 45 SR 5 58 43 A Rl L, CFDE A5
L7715 0] R B AR 2 B ) T 3 R ALE 1R IV M ) e
HIE AL A B2 A SRS B . AT AR LG A AR . B
(2004) 72 R (2015)55 B 32 tH % 2 45 K4 1] g 3 9
WK IR THIE B XK . SR, B2 i RE
522 A0 BT A R AR B, R I BE AL I A7 TR
15120 AR B B KR SR TE, (H R 0 RE 3 58 i 49
IUE B AR . ARBEFLIER I, 7ECFDE ® A,
H TR 240775 AT X VR A A PR R B Y BEATL A A G
HjFalcucci®s (2021, 2024)iF 72 (1) X} B 2 B, 5% A &
I 0 5 2% A T e 2 R S AR I8 B ) = 4E RN, T
FL B 28 2 B0 0) R N R o s ) A K AL
=25 RGO,
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S AR 5T AE U BE AL D RE AR 9T 77 T AR — 58
R, (B AFAE R IR M . 24 HT TAE 32 e KR L
BKWIE. aspergillum, 5 AR 5 480 8 K AT HE AR A0 %
WM. SR, £ = 4E RS )
o, K AR B R B2 R I &5 R ) 5% i K] 25 (Sumner et
al., 2004; Palau-Salvador et al., 2010; Rostamy et al.,
2013). A AID R AR AE — e K AR BB/ HL AT RE
2% (0] BE FL B i 45 W0 B, 40 Crumillospongia (Rigby,
1986), H /K it #i X AT GE 5 E. aspergillumA71F 7 7 .
FEJG 2k TAEh, Wit — 25 N Z YL #6154,
LEe B A L AT . KAR AR DL &
FBNIEIKAT A LM, AT AE B e T A L S A 3
RSB SATTS, A2 1H 8 755 ¥ 47 S P D BE L 45 M) 78 AE
AN G P D REE .

5 45 1w

ARCHETF CFD 5 vk, AL A 7S TG 45 Euplectella
aspergillum 9, Z2 4853t 1 BE £ 55 4 0k i 4 7K
B IR R ARG N . BT SRR

(1) EE AL &5 40 52 25 38 i I 4R 3h A i
Wezh K. 5 oM EE FLBRY AR L, 17 A5 0] B L A
PN E A R IE K T 30824065, 1ZEUE 5 iGN
T 48 Aphrocalistes vastus 1 7K £L Ak SE 37 & 4k T
A — &gk, e R e A E ) R . %
A A AR HE T 20K N SRR AR A 4, AT
AR T H 5 R AR AR R Y HE DL T
AR OB A B R

(2) MIEESL AR T g 4R B K B T Re it . IR
BTSSR EO A BT, AH )k i B R B
IS, R EE L5 K B TR e g 4 e i i )
SFIREL, DR IR IR, PRACES K98 55 KUK, JF W] Re
AN A R R AR

(3) B LT LARS AR 9 it 2 Zh e IR /KA e
IR AEUIR B 1 — Bl N PEAFAE o 148 W FE IR IR 5%
R AT e 44 B e B R R IR A SRR, SRAMAR KA
53 rp E 3h K BE 77 A R Py ok i A B ) o T AE
e e B K IR v LA #A AT e DR R A BEL ) 38 n A0
PR B T R 55 -

(4) AW 500N 2 T CFDRITE 50 UE T 45 T e Al
Wi 77 T AR 90K RE 0, D dE DABEAT S0 R 7K A=

YA YR T AR E BV U TR ME
T LA B F HE 00 A0 B8 HE T A T S Th RE 22 BT O,
CFDJ7 VL REM H BN . B i M im 2 ke ik, oo
45 R AT I R, I RS HAAR Bl SE B 3k 4T 5E
EXF

Mf % (Supplementary) 3 S1, U H - ki (DOI:
10.3724/aps.2025846).

BUsg 220 B DU 7 1 o SO0 A SR H A
BOM & A s PR UL, XS LR 2 IR T AT
FEFR _ERTH MWL 510 UER M. RN, R
] s} 2 B 1 5 L5 oty A2 V0B 5 BT Y RAR B A
EE F B A L R b 45 T L 4R S AR B
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