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Abstract: One of the difficulties in Fluid-Structure Interaction(FSI) co-simulations is the conver-
gence within each time step, which include the convergence of each participating solver and the
data transfer among them. Especially, when the solid material non-linearity or thin geometries
are involved, there are typically large deformations which could eventually result in convergence
difficulty and even the failure of numerical algorithms. Adopting a hyper-elastic pipe benchmark
case, this paper explores the effects of different scale factors on the overall convergence in each
co-simulation time step. Three constituent components are involved and dedicated to structure,
fluid and system coupling, respectively. The coupling scheme is in two-way.
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1 Introduction

FSI problems play prominent roles in many engineering fields, however, studies of these problems are still
challenging due to the typical geometry and material non-linearities involved. The numerical method used
to solve FSI problems can be generally fit into two categories: the monolithic approach and the partitioned
approach. Representative numerical procedures in these two categories are reviewed and tested in the
literatures including [1], [2], [3] and [4]. The two-way coupling scheme used in this paper is classified as the
second approach, and two-way means that there are displacement data transfered from structure to fluid
and force data transfered from fluid to structure. One challenging issue in FSI study is the stabilization
and convergence of the numerical model, due to complicated physics involved. Unstable or hard-to-converge
cases typically have one or more of these following features:

Thin structure for the solid part such as a shell or membrane;
Structural materials with a low Young’s Modulus, E.g. hyper-elastic materials;

Gases or liquids modeled with constant density(incompressible, i.e. infinite speed of propagation of
pressure perturbations).

Thin hyper-elastic structure brings geometry and material non-linearity into the model. These strongly
coupled FSI cases are widely encountered in real-world engineering problems, such as in bioengineering



Name Value Units
Start Time 0 sec
End Time 1.6 sec
Time Step in System Coupling 0.0005 sec
Mechanical
Number of substeps 1
Solver Type Direct
Newton-Raphson Option Unsymmetric
Line Search On
Stabilization Constant
Fluent
Model Type Laminar
Max Iterations/Time Step 20
Scale factor(volume-based) 0/10/20/100

Table 1: Parameters setup in ANSYS

fields[5]. Explorations on convergence issues in bio-mechanical applications such as arteries can be found
in literature[6]. The flow regime in this paper is laminar, while turbulence model is also widely used for
FSI simulation in certain circumstances, such as aortic blood flow, and relevant studies can be found in
literature[7]. The solid part with above features are more sensitive to stress applied by fluids and prone
to large deformation. This deformation causes the volume of fluid regime to vary and therefore affects the
stress applied on the structure in return. In certain conditions, this can form a positive feedback mechanism
and the oscillation with increasing magnitude will break the co-simulation in the first few iterations or time
steps. On the other hand, incompressible approximation of fluid flow is usually known to be problematic in
modeling the propagation of any disturbance in it, as predicting a speed equal to infinity for the propagation
of the disturbance. The case studied in this paper includes all three features above and the participating
solvers and modules are ANSYS Mechanical, Fluent and System Coupling. This paper illustrates that with
other appropriate settings, different scale factors which correspond to series of preconditioning matrix have
significant effects on the stabilization and convergence. The remaining part of this paper is arraigned as
follows: Section two is dedicated to the case setup. Section three focuses on simulations with different
parameter settings and also results are presented there. Section four includes the verification. Conclusions
and future work are discussed in section five.

2 Problem Statement

2.1 Case Setup

The case used in this article is a hyper-elastic pipe with fluid flowing through. The pipe wall is Mooney-
Rivlin material(rubber) and its two-parameter model is used. Time-dependent pressures are applied on both
inlet and outlet and their difference is the driving force for the fluid flow. This time-dependent Boundary
Conditions(BCs) are realized by User Defined Functions(UDF). This benchmark case was first calculated
and presented in literature[8]. The schematic of this case is shown in Figure 1. In this case, the coupling
scheme is two-way, i.e. there are data being transferred bidirectionally between structure and fluid. Material
properties and BCs are illustrated in Figure 1. Certain parameters in case setups are listed in Table 1, and
default values are used for unlisted parameters. It is necessary to emphasize that, without scaling, i.e. when
the value of scale factor is zero, this case is not stable initially. As shown in Figure 2, the integral of pressure
on the pipe inner wall oscillates violently in first few implicit mesh update circles and the simulation aborts
as expected. Therefore, in next section, the general principle behind this scale factor is discussed.



2.2 Mathematics Behind the Scale Factor

Generally following the literature [9], [10] and [11], mathematics behind scale factors are discussed here.
The unsteady conservation equation for transport of a scalar quantity ® can be written in integral and
conservative form for an arbitrary control volume V as follows
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With respect to dynamic meshes, this integral form on an arbitrary control volume, V', whose boundary is
moving can be written as
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where

p = fluid density

U = flow velocity vector

79 = mesh velocity of the moving mesh

I' = diffusion coefficient

S¢ = source term of ®

Here, OV is the boundary of the control volume V. This equation reveals how the displacement or velocity
of the moving mesh applied on the governing equations of fluid flow. It is applied to each control volume, or
cell, in the computational domain. Discretization of Equation 2 on a given cell can be expressed as
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where
Nyqces = number of faces enclosing cell

®; = value of ® convected through face f
pr(dy— ) sz) = mass flux through face f

%

Ay = area of face f, in vector form
V@& = gradient of ® at face f

V' = cell volume

The general form discretized Equation 3 applies readily to unstructured meshes composed of arbitrary cells
and then being solved. It contains the unknown scalar variable ® at the cell center as well as the unknown
values in surrounding neighbor cells. Therefore, this equation in general is nonlinear with respect to these
variables. A linearized form can be written as

ap® = Z Ay Py + 0 (4)
nb

where the subscript nb means neighbor cells, and ap and a,; are the linearized coeflicients for ® and ®,;.
Similar operations can be applied on each cell in the mesh, that results in a set of algebraic equations with
a sparse coefficient matrix. This linear system can be written eventually as

Ax =10 (5)



For this case, this linear system is solved using Gauss-Seidel(G-S) linear equation solver in conjunction
with an algebraic multigrid(AMG) method. Solving this linear system is directly related to the model’s
stability and convergence speed. The information on multigrid method can be found in refrence[12] and is
not discussed here.

It is well known that the convergence of G-S method is efficient if matrix A is diagonally dominant[13],
otherwise, the case might not converge quickly or even be stable. For cases with strong fluid-structure
interaction, stabilization is achieved through a boundary source coefficient introduced in the continuity
equation, designed to improve the diagonal dominance of the matrix system in the cells adjacent to dynamic
mesh boundary zones. Mathematically, superpositions are applied to elements on the diagonal. Two methods
for this boundary source coefficient are available: volume-based and coefficient-based and only the first one
is used for this work. The volume-based method uses the cell volume V' to re-scale the diagonal entry of the
linear matrix system corresponding to the discretized continuity equation a;; as a;; s

aijs=a;; + KV ifi=jVije{l,2,...,n} (6)

The second method directly re-scale the diagonal entry of the linear matrix system corresponding to the
discretized continuity equation in this way

aij,szaij—i—Kaij Zf’L:jVZ,jG{].,?,,n} (7)

where K is the scale factor and n is the number of cells. Note that the value the user choose for K will only
affect the rate of convergence, and will not affect the converged solution. This can be explained as follows:
For a linear system shown in Equation 5, any superposition on its diagonal elements as in Equation 6, 7 is
equivalent to left multiplying a nonsingular matrix P as

PAz = Pb (8)

The elements of matrix P is determined by scale factor K, cell volume V, and a;; which are all known. P
is a preconditioner and the operation in Equation 8 therefore improves the diagonal dominance in this new
linear system and thus numerical stability can be achieved. Apparently, the same unknowns are being solved
or can be recovered so the stabilization has no effect on converged results. A higher scale factor results in
more stabilization, however, the rate of convergence is not proportional to its value, especially when the
system is over-damped. As it is illustrated in later sections, different scale factors have crucial effects on the
system stabilization and the rate of convergence.

2.3 Dynamic Mesh Update Method

The update of dynamic mesh is essential to the co-simulation and the method of mesh updating used in
this case is reviewed here by following the literature[11]. The displacement or velocity of the moving mesh
on the interface are exposed to the solid deformation first. In this case, spring-based smoothing method is
used to propagate the movement from interface to far-side. Smoothing is one of the dynamic mesh update
methods provided. Compared to other methods like remeshing, when smoothing is used to adjust the mesh
of a zone with a moving and/or deforming boundary, the interior nodes of the mesh move, but the number
of nodes and their connectivity does not change. In this way, the interior nodes absorb the movement of the
boundary.

For spring-based smoothing, the edges between any two mesh nodes are idealized as a network of inter-
connected springs. The initial spacings of the edges before any boundary motion constitute the equilibrium
state of the mesh. A displacement at a given boundary node will generate a force proportional to the dis-
placement along all the springs connected to the node. Using Hook’s Law, the force on a mesh node can be

written as
ng

F=Y kj(AT; - AT) (9)

where AZ; and A7j are the displacements of node ¢ and its neighbor j, n; is the number of neighboring
nodes connected to node i, and k;; is the spring constant (or stiffness) between node i and its neighbor j.



The spring constant for the edge connecting nodes 7 and j is defined as

kfac

kij = (10)

|2 =25
where k¢4, is the value of spring constant factor which the user can specify. In this case, the value 0 is used
for this factor. That assures the interior nodes are not allowed to extend beyond the boundary.
At equilibrium, the net force on a node due to all the springs connected to the node must be zero. This
condition results in an iterative equation such that
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where m is the iteration number.

Since displacements are known at the boundaries (after boundary node positions have been updated),
Equation 11 is solved using a Jacobi iterative algorithm sweep on all interior nodes. At convergence, the
positions can be updated such that

?;H»l _ ?;’L + A?fonverged (12)

where n + 1 and n are representing the next time step and the current time step, respectively.

2.4 Time Derivative

First order implicit formulation is used for the time discretization. A generic expression for this algorithm

can be illustrated as:
0P
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Using backward differences, the above equation is given by
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where
® = a scalar quantity
n + 1 = the next time level, t + At
n = the current time level, ¢
n — 1 = the previous time level, t — At

And the implicit method is featured with evaluating F'(®) at the future time level
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e.g.
P = " 4 AtF (") (16)

3 Case Simulation

3.1 Scale Factor Setup

The choosing of appropriate values of scale factor is a process of trial and error. Only volume-based factor
is tested in this work.
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Figure 1: The schematic of the hyper-elastic pipe|8].
ks is the bulk modulus.

In the first try, the volume-based scale factor is set as 10. Figure 3 illustrates the integral of pressure
on fluid wall, however, the damping rate of oscillation is low and this case is not converged even after 40
implicit mesh updates. This is a clue that the value of scale factor doesn’t provide enough scaling effects
and larger numbers should be beneficial. Figure 3 covers the first time step only.

With volume-based scale factor set as 100, Figure 4 shows that the integral of pressure on fluid wall is
very stable in the first system coupling time step. However, the plateau covers more than 400 iterations
which is a sign that this curve is indeed over-damped, therefore the rate of convergence is impeded in the
meanwhile. Figure 5 illustrates the continuity has a relatively low convergence slope while velocities reached
convergence criteria in the first 7 implicit mesh updates. The whole simulation doesn’t fully converge in the
first time step until after 26 mesh updates, which corresponds to 520 iterations. Figure 4 and 5 cover the
first time step only.

With scale factor set to 20, the system reaches convergence in the first 70 iterations, as shown in Figure
6. Additionally, the convergence of residuals and data transfer are considerably quick, as shown in Figure 7
and 8, compared to the over-damped scenario. Two time steps are covered in these figures. The following
results are there presented with scale factor 20, unless exceptions are mentioned explicitly.

Another parameter which can affect the convergence is time step size. Changing the time step size for an
already-well-converged system needs an appropriate changing in the scale factor in order to reach optimized
convergence again. Time step size 0.0005 s is applied to most of data and graphs in this work. However,
time step size 0.001 s is tested as well and the corresponding volume-based scale factor has to be 40(instead
of 20 while At = 0.0005 s) in order to get satisfactory rate of convergence. It is mentioned explicitly while
At = 0.001 s is used, otherwise, At = 0.0005 s is applied. As time step size At in Equation 16 is one of
denominators in discretization Equation 3, it eventually affects the coefficient matrix A in the linear system.

3.2 Case Simulation Results

With the volume-based scale factor set to 20, the simulation is run from 0 to 1.6 seconds physical time.
Figure 9 illustrates the total mechanical strain of pipe wall at ¢t = 1.6 s. The maximum value is 0.391144 and
the major contribution is on XY plane. The minimal value is 0.012494, and it represents the deformation
of cells on the inlet and/or outlet.

Figure 10 shows the flow velocity contour at t = 1.6 s on the mid-section plane. The maximum velocity
is 2.39926 ms~! which takes place at the position close to inlet. Because the no-slip boundary condition
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Figure 2: Integral of pressure diverges in first two mesh updates with volume-based scale factor = 0

is used on the inner wall of the pipe, therefore at each cross section perpendicular to Z axis, the velocity
profile is approximately parabolic.

An interesting phenomenon is that there is reversed flow at the outlet until ¢t = 0.513 s around, therefore,
before that time point, fluid is actually flowing into the pipe at both inlet and outlet and these fluids then
occupy the expanded volume of the pipe. Figure 11 shows that at t = 0.4 s, the velocity at the outlet is
inward, pointing to the —Z direction. Figure 12 shows that at t = 0.6 s, the velocity at the outlet at t = 0.6 s
switches to outward, pointing to the +Z7 direction. This can be verified in Figure 13 where mass flow rate
at both inlet and outlet are recorded at each time step. Negative value there represents the flow at outlet is
flowing into the pipe. Time step size 0.001 s(not the 0.0005 s in other plots) is applied to Figure 11, 12 and
13. They are revealing the same results as using time step size 0.0005 s.

4 Verification

This case is firstly benchmarked and presented in [8]. The maximum principal stretch there is 1.490, compared
to the result in this paper: 1.391144. The minimal principal stretch in [8] is 1.081 while it is 1.012494 in
this paper as reported in Section 3.2. Because the minimal stretch takes place on the cells at inlet and/or
outlet, the finer meshes in this work account for this divergence on the minimal stretch value.

As mentioned previously, until ¢ = 0.513 s, the pipe is actually sucking fluid from both inlet and outlet,
and this amount of incompressible fluid then fill up the swelled volume of the pipe. This statement can
be verified this way: Based on Figure 13 and rectangular integration, the net mass of fluid which the pipe
gained during t = [0,1.6] s can be calculated and that is the area between these two curves. It is volume
when this mass quantity is divided by fluid density and the volume equals to 0.0067 m3. On the other hand,
the increased volume can be calculated by

(nD?/4 — wD?*/4) x L = 0.0073 m? (17)

where D; is the inflated pipe diameter using the maximum strain and D is the original pipe diameter. With
the approximations assumed in this calculation, these two values can be considered matching.
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Figure 3: Integral of pressure (Pa - m?) on fluid wall in the first system coupling step with volume-based
scale factor = 10

5 Conclusion and Future Work

This paper investigates the effects of scale factors in the co-simulation of FSI by adopting a hyper-elastic
thin pipe with fluid flowing through, for the objective of stabilizing the solving process. Results show that
the appropriate scale factor not only can stabilize the solution, but also facilitate the problem’s rate of con-
vergence. Different scale factors correspond to different preconditioning matrices on the linear system which
arises after discretization and linearization. This resulting preconditioned system is therefore diagonally
dominant which increases the stabilization of iterative solvers used in solving linear system and accelerates
its rate of convergence. Time step size can affect the stabilization and rate of convergence, therefore, the
chosen value of the scale factor for an optimized system is associated with specific time step size.
Future work may include the following items:

discussing in more detail on the mathematics behind the scale factor, including space discretization
techniques, preconditioners for Gauss-Siedel with AMG algorithm;

analyzing the effect of different dynamic mesh update methods;

conducting scalability analysis on the co-simulaiton approach on a High Performance Computer(HPC)
platform:;

applying the experience in this paper on real-world engineering problems such as arteries, etc.;

exploring turbulence model influence on the overall dynamics of FSI cases such as pulsatile flow in
aortic simulation.
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Figure 7: Residuals in the first two system coupling steps with volume-based scale factor = 20
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Figure 9: Total strain at t = 1.6s with volume-based scale factor = 20
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Figure 10: Flow velocity contouor at ¢t = 1.6s with volume-based scale factor = 20
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Figure 11: Flow velocity vector profile at both inlet and outlet with volume-based scale factor = 40, time
step size = 0.001 s,t =04 s
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Figure 12: Flow velocity vector profile at both inlet and outlet with volume-based scale factor = 40, time
step size =0.001 s,t=0.6 s
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