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Aero/Hydro Dynamics

Multi-Foil Flapping Propulsor

Drone Aerodynamics

Passive Control of Flow Separation

Dynamic Stability of AUV
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Cetacean

Biolocomotion

Carangiform Swimming

Human Swimming

FSlin Caudal Fin

FSlin Bats
Cynopterus Brachyotis ~30 g
Pteropus Pumilus ~200g

1=0040s

Sea Butterflies

Mosquito Butterflies




Characteristics of the Computational Problems

\

- 9 ? )
= Thick solid bodies and zero-thickness e R @
membranes

= Moving and deforming bodies

= Multiple moving bodies complex
shaped bodies within a same
domain

= Perform direct numerical simulation
at scale for unsteady flow problem




Evolution of FSI Capabilities

Re = 1000 Re = 10,000
384 CPU Cores 7680 CPU Cores

10X in Re
20X in CPUs
25X in wall-time

Re = 2,500,000

——)

Re = 2.5 million
Grid > 20Billion

250X in Re Moving boundary + FSI

??X in CPUs
?2?X in wall-time

Rockfish - 45,072 CPU cores across 841 nodes



Numerical Methods

Start with 3D unsteady Navier-Stokes equation for viscous incompressible flow

Advection-Diffusion Equation for Intermediate Velocity u;
ou; _—
—=0 u; _u?+1[3Nn N1 = 14p"

At 2170 T psx

1
0x; +E (D +D[")

Pressure Poisson Equation (enforcing u?*?)

146 (6p™\  16U;
pox;\ 8x;) At 8x;

ou; N o(uw)  10p N ou; <6ui>

Jt 0x; - p 0x; Vaxj 0x;

— Collocated Grid

— Discrete Conversation

Convection Diffusive Second
— Low Numerical Dissipation Term Term ) order
5(Uy) P S central
— 2"+ Order Numerics N, = —1% D =v—oI — difference
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Immersed Boundary Methods

Diffuse Interface Methods Sharp Interface Methods
Originally Idea by Peskin (1972) Exact application of boundary
condition on internal immersed body
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Body Fitted Grids

Structured grid methods (single block, multi-block)

Unstructured grid methods
(finite-volume, finite-element etc.)

Advantages
- Application of boundary conditions is relatively simple
- Can generate optimal meshes for a given configuration

o Easily provide enhanced resolution in localized region
(boundary layers, interfaces, ...)

Disadvantages

o Mesh quality and complexity issues — non-linearity of fluid
dynamics amplifies mesh induced errors

> Problem amplified for time-evolving geometries
o GPU Implementation can be divergent.

=

- Mesh generation can be time & resource consuming b
Liu, H., 2009. J. Comp. Stein et. al. 2003.
Phys., 228(2), pp-439- Computing in Science and
. 5 459, Engineering, 5(1), pp.39-46.
...mesh generation phase constitutes the 70% of overall time is spent in geometry
dominant cost in terms of human handling and meshing. - Sandia Study

intervention. - NASA CFD Vision 2030 2007.



Implementation of SI-IBM

Identification of Ghost and Fresh Cells

Background Cartesian grid

Reducing Computational Complexity
O(NNy) to O(NcNy)

O Corona Layer
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OFluid Cells ~ ® Ghost Cells ~ © Blank Cells

Immersed body represented
using triangulated mesh

Mittal, R, et al. (2008). Journal of computational physics, 227(10), 4825-4852.

Threads within a block cooperate to mark bbox

Block 0
bbox of ¢, (binary search)

Ly
Block 1
bbox of t; (binary search)
-
Block 2 —
bbox of 1; (binary search)

Block 3
bbox of f; (binary search)

corona cells marked (bbox + coronaSize)
surface triangulation

Compacting a 3D grid to a COO

binary mask
parallel prefix
sum (thrust)

el fel=lo o] ]
l scatter

dense corona list
(launch over N, not N,s)




Implementation of SI-IBM

|dentification of Ghost and Fresh Cells

Identification of Top-K nearest points

Identification of nearest triangle with valid intercept

Cartesian
,\ point in 3D
4 N, space for
4 ) \ W\ blanking
N\
II
[ ] /
I A
1
4

thread block, one ghost cell

each thread: one candidate triangle

e feqie e

(S5, T) inside?
ST20, S+T<1

normal distance
(interior intercept)

shortest edge distance
(exterior intercept)

__syncthreads()

shared-memory tree reduction
O(log B): block-global min

.

Blanking Cells - Ray Tracing

fo writes x;;, elem ID

J—;[ global memory: exactly O( Ngc) wiites

Mittal, R, et al. (2008). Journal of computational physics, 227(10), 4825-4852.
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GPU based 3D ray tracing) (o) @) (0)
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Implementation of SI-IBM

Identification of Ghost and Fresh Cells

Computing Weight Matrix — Ghost Cells  Computing Weight Matrix — Fresh Cells

- N
T 1T .
GPU based trilinear interpolation for fast Ghost Cell Value Calculation Dirichlet BC
(©) O O internal boundary condition implementation (@) ©) 4/8
for moving bodies {c} =vl~'{¢}, Pac — Z bidi =205
Image Point (IPy t — . b = Zﬁﬂﬁi
/ .- B = f(C,%p) =1 Neumann BC
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Fresh Cells — Cellsemerge in flow domain
due to body motion
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Mittal, R, et al. (2008). Journal of computational physics, 227(10), 4825-4852.



Efficient Sparse Linear Iterative Solver

Choice of iterative solver

1. Advection Diffusion — Scheduled Relaxed Jacobi (SRJ), 0(10)speedup compared to LSOR

2. Pressure Poisson Solver - BiCGStab with SRJ Preconditioner

Moving stencil changes the sparsity every temp
— Split matrix-vector multiplication

1. Matrix free static structure and GCM based dynamic structure. Ve
2. Communication dependent and independent segments

Full Matrix

Rank 0 Rank1 Rank2 Rank3

Banded Structure
~ | |

W

\

/______

Yang, X. I, & Mittal, R. (2014). Journal of

Computational Physics, 274, 695-708.

undary intercept {81)

tCell (GO)

Image Point (IP)

b

EllPack Structure

N

Rank 3

\~

Rank 0 Rank 1  Rank?2

f' J- -l I- \
sle o loa |
» s I r -I-
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» a ‘. l as 8 I
| | |
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Rank 0 Rank1 Rank2 Rank3

Compressed to
- dense matrix



Scaling to Large Grids

2D Domain Decomposition Halo Exchange

5x5 Support

|
|
region for I
IBM I

L---




Communication Backends for Ghost Cells

Efficient treatment of
membrane/shells requires a
dual-field approach

Membrane ~ Upper Surface

oo‘ooo

Image Point (IP)

® e | e
Boundary Intercept (BI)
° | o | @
Ghost Cell (GC)

o /e e o °

Membrane — Lower Surface
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(a) NCCL - dense: full u; faces + corner (b) NVSHMEM - sparse: u.; only where y; =1
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every strip cell packed and sent: 2(2N,n) + N7 cells - mostly zeros device-initiated gets: |{xeI': xe = 1} cells, clustered near the body

owned interior N, =2 ghost padding xe — 1 (GCM ghost cells, data on the wire (color = neighbor ;
g \
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5x 5 support region
of one ghost cell
> N, =2 halo + carner

) immersed body



Dual-Stream Comm-Compute Overlap

Orchestration ) . z capture iteration once while |r| . > ¢ : replay graph R P
b A S Iy 00 p . 1 iblank
Layer build A; o =b— Az r=fo=ro; p=|noll*; a=w=1 —+ CUDA graph (1 launch = whole iteration) P’ (1 - iblank)
one BICGSTAB iteration (inside CUDA graph)
. . o . fused inner products, _(ts)k =
Algorithmic — SpMV inner product, - SpMV one global reduction e re et
— 5T v=A 1 global reduction s=r—av = A= { )
per+ [(p—wv) y .= K-ls (t,ahi (6,10 i ) — ) |7l o: global max-red.
Layer T (comm-overlapped) a=p/{Fo, v) : (comm-overlapped) : i P\, 0 o -
(2-10+ kernels per block e (0, 8) (Fo,8) (p-recurrence) Il halo(z, pe) on
N, %
comm-overlapped SpMV  w — Au, A= A, (static sparsity) + A,.,, (ELLPACK, rebuilt on body motion)
1
NCCL - dense face exchange (pack / send-recv / unpack): :
£ ulr, ¢ u%|a,, de{N,S,E,W}; msg —2N,n.n., |
E event: i
G | S2waits S1 1
1
Sp MV % NVSHMEM - sparse one-sided gets (device-initiated): !
u(x) get u'?(x) Yx e T; ug(x) only if xa(x)=1
Layer i
1
i
1
2 | A, ELL 3
2 Acan interior 7-pt stencil (neighGhost =0):  w;j = apugi + > G Uy 1 outer BCs + ghost-neighbor ring: e rows:
E . | i,|  compatbity; 1o . ) =u® T
E nbe {E,W,N,5,T, B} 1 subdomain boundary au((1 —glu+gug| ¢ S
5 coalesced (unit stride in i) --- runs while halo is in flight i planes (need halo) masked mixed stencil [(1— @)+ gtiG]m
i
i
join: S1 waits S2 (acc wait(2) async(1))




GPU Programming Model

LEGACY CPU
SOLVER

PORTING

CHALLENGE

< }ﬁc“ Legacy CPU solver: Porting challenge:
#* - 75K LOC ; - preserve numerical fidelity

Py Y w | tructuring for heterogeneous  (CPU-
P | - 160 compute kernels; res ng g

Tightly Coupled . . . PORTING GPU) execution
St - tightly coupled algorithmic structure. CHALLENGE - future hardware portability.
[ L

OPENACC + MPI SELECTIVE KERNEL
STRATEGY OPTIMIZATION

Fortran
opti fs

Core strategy:

directive-based acceleration using
OpenACC + MPI (Fortran) to minimize

Selective kernel optimization:

performance-critical routines
reimplemented using CUDA Fortran, with

i 1 I i I ili SELECTIVE KERNEL - 1 ili
OPENACC+MPI | code intrusion and retain maintainability. LECTIVE KERNEL | OpenACC-CUDA interoperability.
T L
HYBRID MODEL Easy Integration

MPI NODES

..................... saaass
g

Peotineeesseienteseseresseiey
it
GPU THREADS

HYBRID MODEL

Fine-grained Acceleration

Hybrid model:
- coarse-grained parallelism via MPI,
- fine-grained acceleration on GPUs.

cuBLAS
Thrust

X
Q
e
@
>
(4
<
@
=
=

VENDOR LIBRARIES

Leveraging vendor libraries

cuBLAS, Thrust for dense linear algebra,
and array compaction to avoid
reimplementation.

Minimized M

_. Full Matrix Banded Structure

Emphasize

OPTIMIZATION FUSION

- memory locality
- data movement minimization

- kernel fusion — Mega Kernel

= NN +

Cartesian Grid

2D Domain Decomposition

%{ i

i(x)

Asynchronous Halo Exchange
(MPI/NCCL/NVSHMEM)

EllPack Strycture

o ep - -
. e o e

Compress
edto
dense
matrix



>20X Improvements with GPU-Acceleration

CPU - Intel Xeon Gold Cascade Lake 6248 GPU - NVIDIA A100

B GPU-AD “7z2 CPU-AD Il GPU-PPE 2 CPU-PPE I GPU - Blanking 72 CPU - Blanking
] 55.7

21.2 21.2

—
=

Wall-time [s]
o
o

10_1'5
O(10)M O(100)M O(1000)M - 5 Nodes
- 1 Device - 2 Nodes
S PV 16p™ 1 .. . 18 (ép™) _ 16U
- Atu +§[3Ni —NT = _E(Szjci t3 (D; + D) p5xl-<6xi> At 8x;




40X Resource Savings (A100 GPUs)

Resource Utilization
[Wall-time x Node Resource]

100

10+

® 1 Device ® 4 Devices L
2 Devices ® 8 Devices o CPU 4
42X
g 16X
8X M
%X X
¢ G P U X
X
x
5M 60M 120M

Grid Points




Time per iteration (ms)

Scaling Results

Strong Scaling

=@= sphere total - NCCL
20 4 211M, 100% =@ sphere all-reduce (NCCL)
=lll= sphere total - NVSHMEM
105M, 92% =@~ shark total - NCCL
10 shark all-reduce (NCCL)
53M. 83% =l shark total - NVSHMEM
5 26M, 60%
24 354
11 %01 .H"":\\
2.5 .‘.‘:'Is
g
05 T 2.0 T :
32 64 /.—_—,
i du V
0.1 1
T T T T T
4 8 16 32 64

Number of GPUs

System — GB200 NVL72

Time per iteration (ms)

0.1

0.01

Weak Scaling

B

200M, 100% 200M, 90%
—

200M, 99%

200M, 99% 200M, 96%

200M, 93%

12 Billion !!

200M, 97%

sphere total - NCCL
sphere total - NVSHMEM
shark total - NCCL

shark all-reduce (NCCL)
shark total - NVSHMEM
1-GPU baseline

1 2 4 8 32 64
Number of GPUs




Flow over a Conceptual Flying Vehicle at
Re = 25, 000

* Geometry — fetchcfd.com

« Grid —800 X500 X 484 ~ 194M
« Surface Mesh — 148457 Points
« 1 A100 Node — 4 GPUs PCle

Connected
2
10 mm GPU 0.3
A CPU E L"\_A\—_‘
Z
v EEO 0.2 — Lift Coefficient C'y,
QEJ 10H 3 Drag Coefficient C'p
(]
— <
ey f=
= 20.1
= 5 10 15 20
1094 tU/L
5001 04 03 -02 -0.1 01 02 03 04 50801
[ L

AD PPE Blanking



Flow over an array of elllpsmdal
at Re = 10, 000 | P

Prolate Ellipsoid — 1:0.3
Grid — 1300 X 400 X 400 ~ 208M

Surface Mesh — 70000 Points
1 A100 Node — 4 GPUs PCle
Connected

2 ]
10 s GPU
A CPU

10L

Wall time [s]

100,
Vorticity Magnitude
0.0e+00 5 10 15 20 25 30 35 40 4.5e+01

| | | | |

AD PPE Blanking



Flow over a pitching wing at Re = 10000

Grid — 1300 X 400 X 400 ~ 208M
Surface Mesh — 70000 Points

4 RTX Blackwell 6000 GPU - PCle
At = 0.0005

CFL < 0.3




Flow over a swimming shark at Re = 30000

e Grid-1300 X 400 X400 ~ 208M
e Surface Mesh — 70000 Points
« 4 RTX Blackwell 6000 GPU - PCle (

« At =0.0005 ‘ «
- CFL<03 /\
v(x,t) = —kcA(x) cos(k(x — ct) + ¢)

1L
]
1

Dorsal Fin 1

1 1

N | Dorsal Fin 2 ~-17%

-« /
5‘ Shark Body { 0.26L
]

Pelvic Fins Caudal Fin

‘

' «— Pectoral Fins

Seo and Mittal, 2002, Bioinsp. & Biomim.




A GPU-Accelerated Sharp Interface Inmersed Boundary
Solver for Large Scale Flow Simulations

Sushrut Kumar, Joshua Romero, Jung-Hee Seo, Massimiliano Fatica and Rajat Mittal

AIAA 2026-0705
Session: CFD on Large-Scale Meshes and Di of Testing

Published Online: 8 Jan 2026 « https://doi.org/10.2514/6.2026-0705

Abstract:

Immersed boundary methods (IBMs) facilitate the simulation of flows around stationary, moving, and deforming bodies on
Cartesian grids. However, extending these simulations to the large grid sizes required for realistic flow problems remains a
significant computational challenge. In this work, we present the implementation and acceleration of ViCar3D, a sharp-
interface immersed boundary solver, on graphical processing units (GPUs). We utilize OpenACC, CUDA Fortran and MPI to
reprogram \emph{ViCar3D}, a sharp-interface immersed boundary solver, on multi-GPU architectures. Verification and
scalability studies are performed for two benchmark cases: two-dimensional flow past a circular cylinder and direct
numerical simulation (DNS) of flow past a finite rectangular wing. For the latter, we observe an approximately 20X speedup
(node-to-node comparison) relative to the CPU-based implementation. The GPU-accelerated solver is capable of
simulating complex 3D flows with up to 200 million mesh points on a single node equipped with four GPUs, Strong and
weak scaling tests demonstrate maximum scaling efficiencies of 92\% and 93\%, respectively, on multi-GPU systems. We
further test the code to simulate fluid flow past complex-shaped single-body and multi-body cases.

< Previous Chapter Next Chapter >

GPU-Accelerated Simulations of Moving Boundary Problems
and Fluid-Structure Interaction at Extreme Scales

Sushrut Kumar, Joshua Romero, Jung-Hee Seo, Massimiliano Fatica and Rajat Mittal

AlAA 2026-4766
Session: CFD Methods for Applied Aerodynamics

Published Online: 4 Jun 2026 « https://doi.org/10.2514/6.2026-4766

Abstract:

Computational fluid dynamics and fluid-structure interaction simulations involving moving and deforming bodies is
extremely hard. In this work, we present a graphical processing unit (GPU) optimized implementation of the sharp-interface
immersed boundary method. The method allows performing simulation around complex stationary as well as moving
bodies on a Cartesian grid. We base our implementation on the ViCar3D framework and make use of OpenACC, CUDA,
NCCL and MPI. We test the implementation across grid sizes ranging from O(10million) to O(1billion) points and achieved a
20X speedup compared to existing CPU implementation. We next present our multi-GPU implementation by utilizing
CUDA streams and NCCL communicators. This enables us to obtain a >90% strong and weak scaling efficiencies. Next we
demonstrate the capability of the developed software to simulate a turbulent fluid flow and coupled fluid-structure
interaction in flapping bat wing in flight at Re=5000.



Application of Methodology to Fluid-Structure Interaction
Problems - Bat Membrane Wing

U\ yoenfap @ ppore v~

Study of wing articulation. From da Vinci’ s\
circa 1487 - 1490. |

Visualization by Moss Lab, JHU

Data Storage

Main Control Boa'rii Ramezani et al., 2017. Science Robotic




Bat Wing

Skeleton
? -
. . . . ] ’¢’ *\¢:~~~’_
Bat flight very robust despite using a soft wing n 7 v D =~
I 4 \ So ~
’
: ‘\/ ’ \\ ~.
N
: ' .
. ?
o I
'\ /
) ¢
membrane Joints along with muscle actuation provides localized control
of wing twist and camber

L Soft Membrane

Fibers introduces anisotropy

Cheney et al,, Journal of the Royal Society Interface(2015) Muscles — Controls Wing Stiffness



Membrane Deformation Model

(a) Finite Element (c) Mass-Spring

Fedosov, D.A, Caswell, B. and
Hammer, P.E., Sacks, M.S,, Del Nido, P.J. and Howe, Karniadakis, G.E., 2010. Biophysical
Terzopoulos, D, Platt, J., Barr, A. and Fleischer, K., 1987, August. In Proceedings R.D, 2011. Annals of biomedical engineering, 39(6), Jjoumal, 98(10), pp.2215-2225.

of the 14th annual conference on Computer graphics and interactive pp.1668-1679.

techniques (pp. 205-214).

de Tullio, M.D. and Pascazio, G., 2016.. Journal of

Computational Physics, 325, pp.201-225. Spandan, V., et al, 2017. Journal of

computational physics, 348, pp.567-590.

Bridson, R, Marino, S. and Fedkiw, R., 2005.. In ACM SIGGRAPH 2005 Courses (pp. 3-
es).



Membrane Dynamics Solver

In-plane
deformation

i
! o
9i8-

Out-of-plane
deformation

Joints

Modeling membrane dynamics

d?Xy .
M d%t = Foxt + Fine

= 1 — -
Foyt = 3 (ApnA®€ + 1.54°%),

, dXy
Fdamp =C dt

- > -

Fint = Fetastic + Fbending + Fdamp

. )?N - Node(N) Position vector
* M - Mass matrix
* ( - Damping matrix, viscoelastic damping can be incorporated using this.

In-plane deformation (elastic forces)

>

N 7 N 7
Fps=—ke(—1)2L  Fb = _k,(1—1,)22 k, = ZhZAl

l elas

Out-of-plane deformation (bending forces)

> 12
Fi =kL sing —sini’ m; i=123&4
bend |711| _l_l,,—,izl 2 2 (2 ]

Ll iy P L
73,12 T 12(1—v?)
(552 _554) 'Te ﬁz

mg = 7 FAE + 7 ENE 1,7, - surface normal vectors
ILe| 1 |Lel 2 I, - shared edge

7T -

(%, —%3) -l 0y (X, —X3) 'Ze ?12
I [n, ]2 I 7,12
ILe| C! Le] e

m4—

de Tullio, M.D. and Pascazio, G., 2016.. Journal of Computational Physics, 325, pp.201-225.

Hammer, P.E, Sacks, M.S,, Del Nido, PJ. and Howe, R.D., 2011. Annals of biomedical
engineering, 39(6), pp.1668-1679.

Bridson, R, et al., 2005. In ACM SIGGRAPH 2005 Courses (pp. 3-€s).
Gelder, AV., 1998. Journal of graphics tools, 3(2), pp.21-41.



Coupling -

Flow Solver (GPU)

(Eulerian
Frame)

/‘

Initialize Fluid Solver
and solve at 1sttimestep

Move and Set
Immersed Boundary
(call structural solver)

X - Xp+t

!

t=t+1

'\

Solve Flow

—

Ju

Ui = —Vp +— v
at S TP T Re T

V-u=0

)_()Irvl+1
—
—

onooyn
ext’ XN

/

Weak Coupling — High Density Ratios
Strong Coupling — Low Density Ratios

Structural Solver (CPU)

(Lagrangian Frame)

\

Obtain Hydrodynamic
Forces
i,

Predict Node(N)
Positions

SN - At

Xy “=Xy +? Uy

]

oo

Calculate Internal Forces
1 ( 1) 1 1
Snts [ snts SNt SNt
2 2| — 2 2
F, X = F + Fbendmg

elastic

k=k+1

Calculate Damping Force
F, =—05CUk —0.5cUk*

'

Solve

1
- - Ln+s o >
MUS*™ = R(URF, 5 Fle + Fp)

Cormrect Node Velocities

5 o At oo
Xy = Xi 4= (URHUR)

( Computing Boundary Conditions
/ ,

Courtesy of Dr. Dan Riskin and Swartz Lab, Brown

-
Unverst

(" Reconstruction using cubic spline interpolation

Time = t

Time = &,

Joints

JAN




Flapping Flag

Simulation Parameters

L=1 Re = 200
h=001L A
o = 0.02
prl AtU,,

e = 0.0001

=0.0001

A=t —v2)p, UL}
Ly X Ly X L, = 8L x 8L x 2L

5 x 101
(a)
g 04
- w;
-4 2 0 2 4
| |
(b) 1
g Present Study 1 Study 2
S 0 Study
1] A/L 0.819 0.812 0.795
= 4 3.5 48 45 St 0274 0263 0.265

t/T
fig : (a) Displacement of midpoint at trailing edge Study 1 - Tian, F.B,, et al., 2014. Journal of computational physics, 258, pp.451-4609.
of flag; (b) Time variation of C, Study 2 - de Tullio, MD. and Pascazio, G., 2016.. Journal of Computational Physics, 325, pp.201-225.



Our Methodology
Membrane - Fluid-Structure Interaction

Joints — From experiment
Digits/Bones (Inelastic) Joints

A

Elastic Membrane

Bone joint kinematics from experiments

Riskin, D.K.,, et al, 2008. Quantifying the complexity of bat
wing kinematics. Journal of theoretical biology, 254(3), pp.604-
615.

Courtesy of Dr. Dan Riskin and Swartz Lab, Brown



Simulation Results “Pteropus

Kinematics

_fA_
St—m—O.ZS

U=371m/s

— = —-1.05m/s?

Membrane
Deformations

A

-15 -1 -0.5 o 05 1 15

Curvature
0

o n
Pumilus
Ps — 1000
Pr
L =10°
prU
h=0.014

Amin _ 0,005 4
A
AtU,, — 0,001 g
Upstroke
52
1 i
0 4

Downstroke

\

Isosurfaces of Q- t/T
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What generates pressure forces on the bat wing??

Iso-surfaces of Q —criterion colored by vorticity

Curvature

—

V-u=0

|7p=—pa—pu-|7fi+u|72u

Fp:—J pndS
Body

~

Vortex Induced

Added . Vortex 1
Mass Viscous Vortex 2
freestream,

other bodies)
* Pressure is an elliptic variable

» Simultaneously affected by
everything

* How to partition the effect of various
features/mechanisms ?



Application of FPM to Bat FSI Dataset

Zhang, C, et al,, 2015. PloS one , Menon, K. et al., 2022 Physical Review Fluids
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Decomposition of Lift
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Decomposition of Drag
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Comparison to Equivalent Stiff Wings
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Wing Function is Segregated s aronsigm
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Abstract

We employ a novel computational modelling
framework to perform high-fidelity direct
numerical simulations of aero-structural
interactions in bat-inspired membrane
wings. The wing of a bat consists of an elastic
membrane supported by a highly articulated
skeleton, enabling localised control over
wing movement and deformation during
flight. By modelling these complex
deformations, along with realistic wing
movements and interactions with the
surrounding airflow, we expect to gain new
insights into the performance of these unique wings. Our model achieves a high degree of
realism by incorporating experimental measurements of the skeleton's joint movements to
guide the fluid-structure interaction simulations. The simulations reveal that different
segments of the wing undergo distinct aeroelastic deformations, impacting the flow dynamics
and aerodynamic loads. Specifically, the simulations show significant variations in the
effectiveness of the wing in generating lift, drag and thrust forces across different segments
and regions of the wing. We employ a force partitioning method to analyse the causality of
pressure loads over the wing, demonstrating that vortex-induced pressure forces are dominant
while added-mass contributions to aerodynamic loads are minimal. This approach also
elucidates the role of various flow structures in shaping pressure distributions. Finally, we
compare the fully articulated, flexible bat wing with equivalent stiff wings derived from the
same kinematics, demonstrating the critical impact of wing articulation and deformation on
aerodynamic efficiency.



Fluid-Structure Interaction in Bat Membrane
Wing at Re=5000
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Conclusion

Presented the GPU-implementation of Sharp-Interface Immersed Boundary Method
Demonstrated 20X speedup compared to 30-year-old optimized CPU implementation
Demonstrated the capability to perform DNS involving stationary and moving bodies.

Discussed the flow physics associated with flapping membrane wings.
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