
Fluid-shell interactions using non-intrusive coupling based on the Immersed 
Finite Element Method

D e p a r t m e n t  o f  M e c h a n i c a l ,  A e r o s p a c e  a n d  N u c l e a r  E n g i n e e r i n g |  R e n s s e l a e r  
P o l y t e c h n i c  I n s t i t u t e
N a r e n d r a  N a n a l ,  L u c y  T  Z h a n g

S a n d i a  N a t i o n a l  L a b o r a t o r i e s
S c o t t  M i l l e r ,  J e s s e  T h o m a s

SAND2021-13531CThis paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed in
the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government.

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology & Engineering Solutions of Sandia, LLC, a wholly owned
subsidiary of Honeywell International Inc., for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-NA0003525.



10/26/2021
2

Motivation

Fluid-structure involving thin solid

In Nature: insect flapping wings [1] Engineering : thin-shell roof structure [2]

[1] https://en.wikipedia.org/wiki/Dragonfly
[2] https://en.wikipedia.org/wiki/Thin-shell_structure

https://en.wikipedia.org/wiki/Dragonfly
https://en.wikipedia.org/wiki/Thin-shell_structure
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Introduction

Boundary conforming mesh Boundary non-conforming mesh

 Cirak et al. (2007) [3], Gilmanov et al. 

(2005) [4], Tian et al. [5]

 Lacks volume representation of solid

 Smeared interface

 Inaccurate solid interface loading 

conditions accounting for both forces 

and moments

 Immersed Boundary Method

 Peskin (2002) [2]

 Solid and fluid domain: 

independent meshes

 Arbitrary Lagrangian-Eulerian

 Sawada et al. (2007) [1]

 Expensive mesh update for large 

deformation

FSI simulation for thin 
structures
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Objective

 Objective: 

− Develop a robust fluid-shell coupling strategy using immersed 

approach. 

 Modified Immersed Finite Element Method (mIFEM) [1]:

− Volume based interpolation and sharp interface.

 OpenIFEM [2], [3]:  Open source software based on mIFEM

− Modularly couple OpenIFEM with external shell solver. 
[1] Xingshi Wang and Lucy T. Zhang. Modified immersed finite element (2013)
[2] Cheng J et al., OpenIFEM: A high performance modular open-source software fluid
-structure interactions. (2019)
[3] https://github.com/OpenIFEM
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mIFEM Fluid-Solid Coupling Formulation

virtual work done by the real fluid virtual work done by the solid
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mIFEM Governing Equations

solid

fluid

Lagrangian

Eulerian
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mIFEM Workflow

FSI Module

Solid Module

Fluid Module
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Shell Solver

Coupling Wrapper Workflow

OpenIFEM Coupling 
Wrapper

External Shell Solver

Create Mesh
(OpenIFEM Data-

structure)

Launch Solver

Get Output

Shell Solver Mesh
(External Solver 
Data-structure)

Run Solver

Displacement, 
Stresses
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mIFEM for shell

Additional 
steps for fluid
-shell 
interaction



10/26/2021
12

Project solution on 3D solid
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{ INSERT TITLE HERE ]

Evaluate forces and moments onto shell surface
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Test Cases 1: Setup

 Objective:  Verify that FSI coupling, no numerical leaking

 Shell Dimensions: 1 m x 1m

 Shell thickness: 0.05 m 
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Test Case 1: Results

Cross section of fluid domain and pressure (Pa) vs. time (s) along 
centreline
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Test Cases 2: Setup

 Objective: Demonstrate FSI coupling for problem with large deformation.

 Shell Dimensions: 0.5 m x 0.25m

 Shell thickness: 0.0125 m 

 Shell thickness: 0.00625 m

 Shell thickness: 0.003125 m
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Test Cases 2: Result

Fluid pressure contours (Pa) at various cross sections

Thickness: 0.0125 m Thickness: 0.00625 m Thickness: 0.003125 m 
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Test Cases 2: Result

Thickness: 0.0125 m Thickness: 0.00625 m Thickness: 0.003125 m 
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Test Cases 3: Setup

 Objective: Demonstrate that the solver can handle shapes with bends or shells in different 
planes. Demonstrate use of local coordinate system.
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Test Cases 3 : Results
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Test Cases 3 : Results
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Summary

 Modularly couple an external shell solver with OpenIFEM.

 Extend OpenIFEM capabilities for shell structures.

 Represent thin shell with given finite thickness

 Realistic solid loading which accounts for both forces and moments

 Adoptable for different shell formulations

 OpenIFEM can handle both general 3D bodies and different types of shells.
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