An Application of GPU Acceleration
in CFD Simulation for Insect Flight
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|. Introduction

Insect flight
I Fast, skillful, fascinating fliers

I Complex unsteady aerodynamics T AN

i Limited knowledge }_’f\_, ﬁ*
Our goals W

I Free flight (6 degrees of freedom) #

I Long term behaviour }

I Manoeuvres V*
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Il. Modeling of Flighti Morphology

Morphological modeling

Leading edge .
Wing : Wing
Root Axis
[ SR Body Len th'
Trailing edge y S
rofile from Han et al. (2004) Body geometry from Holtzman & Kaufman. (2013)
Tab. Fruit-fly morphological data of fruit fly from Fry et al., 2005 and Straw et al., 2010.
Wing Length R (mm) 2.39 Flapping Frequency f(Hz) 218
Mean Chord Length ¢ (mm) 0.874 Stroke Amplitude @ (°) 140
Aspect ratio AR 6.12 Mean Wingtip Velocity (m/s) 2.54
Body Length (mm) 2.78 Nominal Reynolds Number Re 148
Body Mass (mg) 0.96 Reference Frequency f; (Hz) 260
Wing Flexibility Rigid
Model insect flight

Fry, S.N., Sayaman, R., and Dickinson, M.H. (2005). Journal of Experimental Biology 208, 2303i 2318.
Han, C. (2004) Development 131, 15631 1575.

Holtzman, S., and Kaufman, T. (2013) http://flybase.org/reports/FBrf0220532.html.

Straw, A.D., Lee, S., and Dickinson, M.H. (2010). Current Biology 20, 15507 1556.
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Modeling of Flighti Dynamics

Equations of motion
I Assumptions:

Rigid wing and body, negligible wing mass, homogeneous body
density distribution dosksis
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I Governing equations
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and Drag Coefficient

Lift

e Cosz tan A sin zan h 1
where ¥o(t) =[1.M)] L) K :g sinz CoS Z 0
gcosz (cos/)  sin Acos fr (
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Modeling of Flighti Numerical model™~ ™

Fluid-body interaction

i Discretized equations of motion Predictor-corrector solution
d(M &) R Predictor:
. 0 2 :
G i 1 ¢
dX. (1) _ 1 g0 = gn
= X
dt Iu Corrector
d((1()]q) _ i |
dt | 3‘n+1,j —
i
A a3 - 19. S - 1
dU(t) | "+ PRl FZan 2and _Lgna
m =[K(D)] 1) b E% 24" 24 24




Il. Modeling of Flighti Numerical mode

Computational domain anddiscretization
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Regular finite difference:
Background Cartesian Mesh
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Generalized finite difference (GFD):
Moving Mesh

Cat A2

catAl
(Cartesian)

Dfn31 :Sn 49 f||.’5 ki

uflgﬁ 1 :D 1[Wn§n 319] Wn f pi

0 cat’Bl &B2
(Cloud)

Ang, S.J., Yeo, K.S., Chew, C.S., and Shu, C. (2008). International Journal for Numerical Methods in Engineering 76, 18921 1929.
Wang, X.Y., Yeo, K.S., Chew, C.S., and Khoo, B.C. (2008). Computers & Fluids 37, 7331 746.
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Governing equations of fluid flow
Incompressible 3D Navier-Stokes equations
Arbitrary Lagrangian i Eulerian formulation (ALE)

2
Hu fu u’) WD p= —1—Du,+wherlé Re RA
Re n
PO G
Boundaries:

Insect i non-slip surfaces

Far field T zero gradient
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Projection method

Fractional time step method of Chew et al. (2006)
Time integration: Crank-Nicolson scheme

u-u" _ 1ge 1 B, 1 "
=21 ) OB Y % ep+(u ®) -u — 20 b
Dt Tg H 8 Re i
un+1_ u* B 1 "
Dt 2 ®

Poisson equation D°p™" e B

Chew, C.S., Yeo, K.S., and Shu, C. (2006). Journal of Computational Physics 218, 5107 548.
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Analysis of computational cost

I Poisson equation2

_Dan+1 :E 'DJ*(
BICGSTAB/GMRES solver, GPU nested projection iterations
N WY i S

U cat’B1 &B2
/ _ (Cloud)

I Nodal search for overlapped nodes .
ADT search, GPU acceleration | CopiiMIN

° . -
~ L]
CatAl — % o oy O \
(Cartesian) ®

i Solution of e, DIWS, .d W, fD,
SVD, Parallelization on CPU




I1l. Accelerating CFD Computation e/

Speedup of CUDA code
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Speedup of Nodal Search

Speedup of Projection Method

Time consumption /s
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Speedup of Projection Iterations

® ]2 Threads Xeno ES

Cartesian mesh Cloud nodes
Set 1: Falling Sphere  125x125x245 40039
Set 2: Model Fruit-fly 161x161x161 31863
Set 3: Model Fruit-fly 221x221x221 31863

Tesla K20c I
1 2 3

Time cost in one FSI-step
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V. Results Validation

Validation case

=~ Muijres et al. (2014) Unfiltered 80
-B-Muijres et al. (2014) Filtered A —stroke
47—Current CFD / % :fcf;t?g:n
3 N |
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T 0.25 0.5 0.75 1 0 025 Thue 075 1
5 Time : : -
——Muijres et al. (2014) Unfiltered Wing Kinematics
4l -8 Muijres et al. (2014) Filtered
= Current CFD
>° Wing model: D.hydei
32 R=2.98mm, f=188Hz, Re = 115, m=1.8mg
= : :
g Relative error: mean lift +13.48%
o "
" d mean drag +9.691%
) 0.25 0.5 0.75 1
Time

Muijres, F.T., Elzinga, M.J., lIwasaki, N.A., and Dickinson, M.H. (2015) Science 344, 1721 177.
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V. Resultsi Free flight

Flight performance £80 cm/s flight

Body displacement

Body orientation Wing kinematic adjustment

Pitch




