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Preface

This report summarizes our progress to date (first quarter) in the Project entitled “Seabed Scour and
Buried-Pipeline Deformation Due to Ice Ridges: Pipeline Stress and Deformation”. The work has
proceeded as planned. We have developed and implemented a computational procedure based on the
finite element method suitable for the analysis of fluid-structure interaction problems. Furthermore, we
have verified the validity of the implementation by comparison with available documented solutions to
test problems. We have dealt with several computational challenges successfully and expect to resolve the
remaining issues during the second quarter of the Project.



1 Introduction

In this report, we aim to summarize a unified approach for solving fluid-structure
interaction (FSI) problems using finite element methods (FEM).

An Eulerian framework is commonly used for describing fluid flow, while for the
structures (solids), a Lagrangian description is seems natural. The inherent problem
of coupled fluid-structure interaction problems lies in the inconsistent frameworks
used to describe the two media.

A common approach in dealing with these two media has been the so-called Arbi-
trary Lagrangian-Eulerian (ALE) method. Within the ALE framework the governing
equations of the solid are left in their natural Lagrangian setting while an arbitrary
frame of is taken for describing the fluid such that contact between the fluid and the
structure is maintained throughout the course of the analysis.

Consider the problem of an elastic beam attached to a rigid cylinder as shown in Fig-
ure 1.0.1a. Initially, the fluid (empty grids) and the structure have meshes conforming
at the nodal points on the boundary of the solid. Suppose the structure moves to
its new equilibrium position shown in Figure 1.0.1b. After deforming, the contact
between the fluid nodes and the solid nodes is lost.

In ALE formulations, the fluid nodal points at the interface are moved such that con-
tact between the solid and the fluid is maintained at the interface. The remainder of
the fluid nodal points “arbitrary” (but purposeful) manner (Figure 1.0.1¢). Although
arbitrary, the mesh movement has to satisfy the following criteria:

1. “Good” elements must be produced after movement of the fluid mesh. Good
elements are those that have “nice” aspect ratios.

2. No folding over of elements occurs at any point in the mesh.

Depending on the formulation taken, the movement of the mesh may be further
restricted due to the so-called geometric conservation law [9] (GCL) which requires
the solution of a constant field to be preserved exactly in moving domains.

Here, we group procedures between the fluid and the solid can be grouped as either
partitioned or a monolithic, the description of which follows:
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Figure 1.0.1: ALE procedure

1. Monolithic: The full system of equations are solved simultaneously. In the case
of 2D problems, this involves solving 6 equations simultaneously: 4 momentum
equations (2 for fluid, and 2 for solid), 1 continuity equation for fluid, and 1
mesh updating equation.

2. Partitioned:

(i) Loosely coupled: For a given time-step, the fluid equations are solved
assuming the displacements of the solid are known. The forces on the
structure are then transferred to a solid solver and the displacements of the
structure are solved for. Fluid mesh is updated based on the displacements
of the structure, and a new time-step is started.

(ii) Strongly coupled: This is exactly the same as the loosely coupled al-
gorithm with the exception that iterations are carried out between the
solution of the fluid and the solid until convergence of the equilibrium
forces at the final configurations are satisfied [7]. See Figure 1.0.2.



Partitioned schemes suffer from poor convergence rates, and even failure to converge

to a solution. These approaches are further susceptible to the so-called instabilities
due to “added mass effect” (See for instance [1]).

The downsides of the monolithic algorithms are the associated huge computational

costs. Making such algorithms parallel is far from straight forward due to the inher-
ently ill-conditioned final systems of equations.
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Figure 1.0.2: Strongly coupled FSI algorithm. Superscript n denotes time-step count,

and i denotes iteration number. d denotes structural displacements, u denotes fluid
velocities, and v denotes mesh velocity.



2 A Model Problem

Consider the scalar advection-diffusion problem presented as a segue to the discus-
sion of the incompressible Navier-Stokes equations on moving domains. The initial
boundary-value problem (IBVP) on a non-moving domain is stated as follows: find
¢(x,t) such that

O +u(x,t) - Vi — u(x)Axd = f(x,t), in Q(t)x]0,T7], (2.1)
#(x,0)=¢° in Q(0)x0 :
o(x,t) = g(x,t) in 00(t)x]0,T], (2.3)

where u and p are smooth solenoidal vector-valued and scalar-valued point functions,
respectively, and Ay denotes the Laplacian taken with respect to x.

Consider a fixed configuration R, hereon termed as the reference configuration. De-
note by x € R, the coordinates of this configuration, and let ¥ be the one-to-one
mapping from the referential frame to the spacial one (Figure 2.0.3). This mapping
is described as

_ {Rxx 0,7] — Ry x [0, 7] 2.4)

(X? t) - (Xa t)
Noting that ¢(x,t) = ¢ o U, we have

V:R, — Rx

R

| DU

Figure 2.0.3: Mapping between referential and spatial configurations
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X

Substituting the obtained expression into the strong form of the differential equation
given in the previous section, we arrive at an equivalent form of the IBVP, but now
written with respect to a referential configuration: find ¢(x,t) such that

0]
a—f +c(x,t) - Vx o — u(x)Ax ¢ = f(x,t), in Qx]0,T], (2.7)
X
o(x,0) =¢° in Qx0, .
ox1) = glx,t) i 00x]0, T (29)
where, ¢ := u — v. Above IBVP is identical to the original advection-diffusion

equation, but now written with respect to an arbitrary frame of reference. Indeed,
the original equation is recovered by choosing ¥ = idy.

In the next section, we present at two different variational forms of the IBVP.

2.1 Variational Formulation and Geometric Conservation Law

Let V = {wlw € HY(Q)}, and S := {6(~ D)6 € H(R), 6(x,0) = ¢°, $(x, t)xcon =
g(x,t)} vt €]0, T[ denote weight function and trial solution spaces, respectively. Then
the first variational form is stated as follows:

Non-conservative form: Find ¢(x,t) € S such that

(w, 2—(? X) n (w, ¢ vx¢) v (wa,uvxgb) v (w,qu ~ vx¢)

— (w.s) vwev. (2.10)




Alternatively, the conservative form of the above variational form can be created as
follows. Recall the Reynolds transport theorem for a function f(x,t)

d - of
dt /Q(t) floc,t) dx = /ﬂ(t) (5 PV (fV)) dx (2.11)

_ of .
— /Q(t) (015 X+fVX V) dx. (2.12)

Using these results and noting that the weight functions are time-independent, a
slightly different form of the variational form follows:

Conservative form: Find ¢(x,t) € S such that

%(w,@) _ (w,qSVX -v) n (w, c- vx¢> n (wa, ,qud)> + <w,Vx,u - vx¢)

= (w,f) Yw € V.
(2.13)

Remarks:

1. Variational formulations of the Navier-Stokes equations based on both the con-
servative and the non-conservative methods can be found. If finite-volume meth-
ods (FVM) are to be used for solving the governing equations, the conservative
form must be used.

2. A formulation which is able to exactly reproduce a constant solution on a moving
domain is said to satisfy the Geometric Conservation Law (GCL). If ¢(x,t)
is constant in space and time, then the first variational formulation given in
Eq. (2.10) recovers the exact solution.

3. For a constant ¢, the second variational formulation given in Eq. (2.13) reduces
to

%(w,@) = (w,qﬁvx ~V>. (2.14)



Thus, under the conservative formulation, a constraint on the divergence of
the referential velocity exists if the formulation is to satisfy GCL. Therefore,
when written in conservative form, care must be exercised when constructing
the velocity field v (See, for instance, [2] and [3]).

2.2 Discretization and solution strategy

The non-conservative form of the variational formulation is used as a starting point for
discretization. Let V" := {w"|w" € H}(Q)}, and 8" := {¢(-,1)"|¢" € HY(Q), ¢"(x,0) =
#°, " (x,t) = g(x,t)Vx € 9N} Vt €]0,T| denote the finite-dimensional weight func-
tion and trial solution spaces, respectively. Then the formulation based on the
Galerkin Finite Element Method (GFEM) reads: Find ¢"(x,t) € 8" such that

(wh, 2—‘? X) n (wh, c- Vx¢>h> + (wah, ,ngbh) + <wh, Vot vx¢h)
- (wh,f) Val e V. (2.15)

Next, discretize the weighting functions as w”(z) = N7 (x)w® where N denotes an
array containing piecewise continuous finite element shape functions, and w® denotes
the nodal values of w" for a given element. Similarly, let ¢(x,t) = N(z)T ¢°(t) where
¢°(t) is time-dependent. FEM discretization of the GFEM formulation leads to the
following systems of equations:

Mé + K¢ =F, (2.16)
where,

M = / NN dx (2.17)

K / NClNg‘l + NC2N,£2) dX + / M(NwlN;Z;l + NCEQNZ?—‘Z) dX

Q
+/ (a“ NN7 On NNT> dx (2.18)
8371
F .= / Nf(x,t)dx (2.19)
Q



Finally, for time integration, employing a one-step -scheme gives

—CWIA; P 0= 04 (1 0", (2.20)

and above matrix equation can be discretized in time and written as
(M + 0AIK) 6™+ = OATF™! + M [¢" + Atgz)"} , (2.21)
where 6 € [0, 1] controls the accuracy and stability of the scheme.

Remarks:

1. Choice of # = 0 and 0 = 1 results in the first-order explicit- and implicit-Euler
schemes, respectively, whereas the choice of # = 1/2 results in the second-order
accurate Crank-Nicolson scheme.

2. The order of accuracy of the overall time-integration depends on how accu-

rately the mesh velocity v is evaluated. Here, we propose to use the same

ox

time-integration scheme on v as that used on ¢. By definition v := Bt

X
Therefore, given two successive coordinates x" and x"*!, the referential config-
uration velocity can be approximated using the relation

il _xn g—1

A AtV (2.22)

where 6 € (0, 1].

3. In regions where the solution is “advection-dominated”, the GFEM solution to
this equation will exhibit an oscillatory behavior about the true solution. This
issue can be dealt with by mesh refinement, or via introducing stabilization
terms into the differential equations.

We now proceed to generalize the procedure to describe a continua in terms of a
referential configuration.



3 Basics from Continuum Mechanics

3.1 Configurations and motion

We begin our discussion of continua by introducing an abstract notion of a body B
— an open set whose elements, p € B, are referred to as material particles. In order
to access this abstract body, we define the bijective mapping x between the material
particles and points in space defined as

K:B— R :=kr(B) C R"™. (3.1)

where n4 is the number of dimensions. Let us denote by ¢ €]0,T[C RT the time
interval within which we are studying the motion of the body B. From this interval,
we single out the two consecutive times ¢,,t,,1 € t, within which the body assumes
configurations k,(B) := Rx and kp1(B) := Ry, referred to as the material and
spatial configurations, respectively. See Figure 3.1.1.

—_—

d)t ‘= Rn41 0 Kn

Figure 3.1.1: Motion of a material particle



We define the motion experienced by the body within the time interval [¢,,t,.1] as

]
X = '%n—l-l(p) (3'2
= Kni1 O Kp (3.3)
=: (X, 1), (3.4
where we’ve used the fact that k is bijective. We write

Rx x]0,T Rx0,T],

o | X0 TL — R0, 7] (3.5)
(X> t) - (Xv t)?

to describe the motion experienced by the body during a time interval of interest.
That is to say ¢ maps material point X = k,(p) to the spatial point x = K,41(p),
for the same t and interpret ¢ as describing the deformation experienced by the
body during |0, T[. The goal of the material point is to “tag” a particular material
particle, where as the spatial points give the location of the particle in the current
configuration.

Consider a third configuration R, called the referential configuration. We emphasis
that the referential configuration is just that, a possibly fictitious configuration which
the body may never assume, but may be convenient to choose. The mapping from
R, to Rx and R, are denoted by ¥, and ®, respectively. We have

)Ry x[0,T] — Rx x[0,T],
i {(x,w — (X0, 30
and
)Ry x[0,T] — R, x[0,T],
' {(X,t) — (x,1). (87)

3.2 Displacement, velocity, and acceleration fields

Resorting to the referential configuration, we define the physical quantities in terms
of the referential configuration. We describe the physical displacement through the
referential configuration as

u(X7 t) = (I)(Xa t) - \II(X’ t)' (38)

10
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Figure 3.1.2: Material, spatial, and referential configurations.
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We can furthermore define the gradient of the displacement in terms of the referential
configuration as

Vau(x,t) = Vi@ (x, 1) — Vo l(x. 1), (3.9)

For our purposes, the referential coordinates x will be describing the coordinates of
a fixed FEM mesh.

Similar to the displacement field, we can describe the physical velocity field through
the referential configuration as

dO(U1(X, 1), 1)

v(x,t) = i (3.10)
ot ov-1(X,t) ot '
=v+w-V,x (3.12)
where v := % is the velocity of the reference configuration (mesh velocity in the

X

ot
the referential configuration.

context of FEM), and w := 9x| g interpreted as the material velocity defined over
X

Similarly, we can express the physical acceleration of a material particle through the
referential configuration as

d*u(x, t
0*x ox 0%*x

73 L ZIX 14
ot? x+ Jx Ot? Ix (3.14)

Alternatively we can express the physical acceleration by differentiating the velocity
v(x,t):

dv(x,t
a(x.t) = —(d’; ) (3.15)
ov ov dx
= X 3.16
ot Ix + ox ot Ix ( )
ov

12



We can re-express above expression such that no spatial gradients with respect to the
referential configurations need to be evaluated. We can achieve this by expressing the
physical velocity in terms of spatial configuration:

ov ov 0x 0x
_ov|  9voxOx 1
a6t = 5rl F oxox ot Ix (3.18)
ov ov R
- E X + 8_X (V(X7t) - V(Xv t)) (319)
ov
=5 . +c-Vyv (3.20)

3.3 Deformation gradient, strain, and stress measures

Introduce the deformation gradient F as

dx
F.=— 3.21
dX’ ( )
and let J := det (F) > 0 be the determinant of the deformation gradient. The the
Left and Right Cauchy-Green deformation tensors C and B, respectively, are defined

through the deformation gradient as
C =F'F (3.22)
B := FF’. (3.23)

With these in hand, we can define the nonlinear St. Venant strain tensor frequently
which will be used for writing the constitutive equation as

1
E = 3 (C-1), (3.24)
and we note that the strain measure vanishes identically for a rigidly imposed defor-
mation, making it suitable for use in problems where a body is subjected to large

deformation.

The conservation laws are naturally written in terms of the Cauchy stress tensor T
in the current configuration Ry which is not known a priori. At times, it is more
convenient to use the refer to the second Piola-Kirchhoff stress S tensor which gives
the stress measure in the reference configuration. We have

1
T = jFSFT. (3.25)

13



3.4 Conservation Laws

Resorting to a referential configuration, equations corresponding to the conservation
of a (linear) momentum and mass for a continua written in non-conservative form
become

0
p(x) <3_Z‘x +c(x,1) - VXV) = Vi -7+ f(x,1), (3.26)
dp
—| +c(x,t) - Vxp+ pVxv =0. (3.27)
ot Ix

where, v is the velocity field of the body, c is the convective velocity field, 7 is the
Cauchy stress tensor, p is the mass density, and f is the body force per unit volume.

The complete IBVP will be stated for fluid and the solid in the following sections.

4 Fluid

In this section, we will limit our discussion only to incompressible flows.

4.1 The IBVP

The IBVP for the fluid reads: Find v : Rx x [0,T] — E™, p: Ry x [0,T] — E such
that

', :=p<88—‘t"x+c-vxv> —Vx-7—f=0, in Ry x[0,T], (4.1)
rg:=Vx-v=0 in Ry x|[0,T], (4.2)

v=g in I}y (4.3)

T n=t in T, (4.4)

v=vy in Ryx0 (4.5)

v=vy in Ryx0 (4.6)

14



Remarks:

1. We have chosen to work with the Navier-Stokes equations written in a non-
conservative form.

2. We will restrict our discussion to Newtonian fluids, for which we use the follow-
ing constitutive equation:

T = 2ué — (%u tr(€) I +p1) , (4.7)

where, € = Vyi*v = 1 (Vxv + VyvT) is the (total) strain-rate tensor, p is the
kinematic viscosity of the fluid, and I is the identity tensor. Note that the first
term in brackets of the constitutive equation vanishes for incompressible fluids.
Since the incompressibility condition will be imposed in an average sense within

the context of GFEM, we choose to retain this term.

3. If x = x, we recover the Eulerian description of the flow, and if x = X,
we recover the Lagrangian description of the flow. Along the fluid-structure
interface, the latter case holds.

4.2 Semi-discrete SUPG/PSPG stabilized ALE formulation

Two sources of difficulties arise when using standard Galerkin finite element method

(GFEM) for solving the incompressible Navier-Stokes equations:

1. Spurious oscillations or “wiggles” in the numerical solution: For advection-
dominated flows, and FEM meshes which under-resolve the gradient of the
solution, the numerical solution exhibits spurious oscillations about the exact
solutions. These oscillations can be avoided if the mesh is refined in regions
where the solution exhibits a large gradient.

2. LBB condition in incompressible flows: for inadequately chosen solution spaces
for pressure, existence of a solution to the discretized GFEM equations is not
guaranteed.

15



See for instance [] for an in-depth discussion regarding the two issues. In this con-
text, we have adopted the Streamline Upwind Petrov-Galerkin (SUPG) method for
stabilizing the convective terms, and adopted the Pressure Stabilizing Petrov-Galerkin
(PSPQG) for circumventing the LBB condition. In both of these methods, the Galerkin
formulation Navier-Stokes equations is supplemented with the residual of the momen-
tum equations.

The SUPG and PSPG formulation read (see [%]): find v" € S} and p" € S" such that

(Wh ’ pWX) + (Wh et VXVh>Q + (vah ) 2H éh)Q

2
—<wah , —,utr(é)I) — <wah , phI> + (Wh , r’%) = <wh , f>
3 Q Q Q Q
(W g (45)
<qh , Vx-v> + ((]h , r',%) =0 (4.9)
Q Q
for all wh € V" and ¢ € Vg. In above equations, the last inner product on the

left-hand-side is the residual of the momentum equations. The function spaces are
defined as

i = {vlo} € H"(Q), v} = g} on T}, (4.10)
Vi = {wilw! € H"(Q),w; = 0on Ty}, (4.11)
S, =V, ={d"l¢" € H"(Q)}. (4.12)

Note that within this formulation, as discussed in Section 2.1, GCL is automatically
satisfied regardless of the movement of mesh.

4.3 Solution strategy

From this point on, we consider the matrix form of the above discretized equations
written as.

M,,a + [Km + Am(c)] v—G,,p=F,, (4.13)
M.a+ [G"+ K.+ A.(c)]v+Lp=F,, (4.14)

16



where,
M;J,L = p/ (N + NSUPG) NT dx (Sija
Q

A%(u) = p/ (N + NSUPG) C- VXNT dx 51']‘,
Q

K,, = K+ Kgypa,

y 2
KY :,u/VxN-VXNTdX 5Z-j+y/N,j Ngdx— gH/N,iNEdX dij
Q Q Q

ij & o 2
Kvpe = M/ NsupaN, dx 6;; + M/ Nsvra (Nj;l — gNTH) dx
0 0
G' = / N,; N7 dx,
Q
sz = / <N,z NT — NSUpgN?;> dX,
Q
F, = / (N + NSUPG) Jidx + / N 7/in; ds,
Q o9
MY =p /Q Npspe N7 dx 6,
Al(u)=p / Npspa ¢ VN dx 6,
0
L= / ViNpspe - VN7 dx,
Q

Fi:/NPSPG Jidx.
Q

In above, the augmented shape functions NSU pc and N pspa are given by

Nsupa = Tsupa (€ - ViN)

TPSPGV N
N\

Npspa =

(4.15)

(4.16)
(4.17)
(4.18)

(4.19)
(4.20)
(4.21)
(4.22)
(4.23)
(4.24)
(4.25)

(4.26)

(4.27)
(4.28)

In above, matrices M, K, A, and G are contributions from the inertia, viscous,
advection, and pressure terms, respectively, and Tsype and Tpgpe are stabilization
parameters (not to be confused with the stress tensor 7). Note that GFEM form of

the equations is obtained by letting 7sypg = Tpspg = 0.

17



The success of the stabilized methods relies on the choice of the stabilization pa-
rameters Tsype and Tpspg. In this work, we have taken values suggested by [3],
summarized below:

h
= ——02(R 4.29
TSUPG 2HVhHZ( esupc ), ( )
h*
TPSPG ‘— WZ(Repspg), (430)
Re/3 0<Re<3
2(Re) = | T3 =nes (4.31)
1, 3 < Re
where the “element Reynold numbers” Re are defined as
vP |k
Regypc 1= p—” !MSUPG, (4.32)
V" |h
RGPSPG = pH‘Qﬂ’ (4.33)
I

where,

a=1

Nen -1
hsupe = 2 (Z s - vaa|) , (4.34)

A
hPSPG = 2 _e’ (4.35)

s
and s is the unit vector in the direction of the local velocity, N, is the basis function
associated with node a, n,, is the number of nodes in an element, and A, is the area

of an element.

Note that 7 = O(h) for advection dominated flows, while 7 = O(h?) for convection
dominated flows. Some of the alternative proposed forms for stabilization parameters,
for instance those given in [(], take on a simpler form, but are of order h for all flow
types and can result in degradation of the accuracy of the numerical scheme.

We have here considered the semi-discrete scheme, and the continuity of the solution
in time is enforced through a finite differencing scheme. Employing the generalized
trapezoidal scheme, we have

v = v AL [ 4 (1 — 0)a] (4.36)

18



where 0 € (0, 1] determines the accuracy and stability of the time integration scheme.
Note that the choice of § = 1/2 results in the second-order accurate Crank-Nicolson
scheme, while # = 1 results in the first-order accurate implicit-Euler scheme.

Above equations represent a coupled set of nonlinear equations. The nonlinearity
is due to the presence of the convection terms c. In this context, we construct a
Newton-Raphson iterative scheme for solving the nonlinear equations above.

Denote by R(U™!) the residual of the discretized equations at iteration i 4+ 1, where
U is a vector containing the finite element unknowns (both u” and p"). Expanding
the residual about iteration ¢ using Taylor’s formula gives

R(U™) = R(UY) + gié’ ZAU + O((AU)?) = 0, (4.37)

where AU = U — U’ is the difference between two successive iterations. Neglecting
higher-order terms, the iterative scheme becomes

(U —U) = -7 (R(UY)), (4.38)

where we have defined the Jacobian matrix as J = 2—5.

Expanded form of the iterative scheme which is more suitable for computations is
given as

OAL ov
—F, — [Mal + (K, +AL) v — Gp'] (4.39)

{LM;'H LR+ ALY+ aA_mvi} AVt~ G, AP

1 _. _ _ oAt . , ,
M- Kt A’ [ A i+1 L A i+1
|:0At c+(GC+ c+ C)+8VV:| v + p

—F, - [Mia' + (G, + K+ Al)vi + Lp] (4.40)

where superscripts n and ¢ denote time-step n and iteration ¢, respectively.
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5 Structure

It is convenient to cast the governing equations for the structure in their natural
Lagrangian setting. The conservation law in the Lagrangian setting is obtained by
setting U = idx (= x = X), where idx is the identity operator defined over Rx.
The resulting expression for the conservation of linear momentum in a Lagrangian
takes the following simpler form of

9*u
p(x)w % = V7 +T1, (5.1)

while the mass conservation is trivially satisfied in the Lagrangian framework.

We will limit our discussion to nonlinear elastic materials described by the Saint-
Venant Kirchhoff material model given by

T = %F [\ tr(E) + 2u°E] FT, (5.2)

where \* and p° are Lamé constants, and E is the St. Venant strain tensor introduced
in Section 3.3.

The complete IBVP corresponding to the balance of (angular) momentum written in
the Lagrangian formulation stated as: Find u: Ry x [0,7] — E" such that

p(x)az—u —Vyx -7=f in Ryx|[0,T] (5.3)
ot? 1x * * Y

u=g in Iy (5.4)

T-n=t in I} (5.5)

u=uy in Ryx0 (5.6)

v=vy in Rex0 (5.7)

where u and ug are the displacement field and initial displacement field of the body,
respectively, 7 is the Cauchy stress tensor, f is the body force per unit-volume, and
v is the velocity field.

20



5.1 Variational Formulation

Introduce the weight function space V := {wz | ; € H'(k¢(B)),w; = 0 on Fd(ﬂat(B))},

and write

(w, pa)m(B) + (w, —VX-T)M(B) = (W,f)nt(B). (5.8)
Performing integration on parts on the stress divergence term yields
(w, pa)nt(B) + (Vaw , T)M(B) = (w, f)ﬁt(B) +(w, t>Fn(m(B))‘ (5.9)

The second inner product can be evaluated over the material configuration by resort-
ing to the use of the 2"! Piola-Kirchhoff’s stress tensor S:

(wa ’ T) wi(B) (wa B b_lfFSFT> ke(B)

_ (vxw Pl FSFT)

Ho(B)
- (vxw S+ stuT) . (5.10)
ko(B)
The variational formulation is now complete and reads: Find u; € S such that
(W : pﬁ) + (VXW , S+ SVXuT> (5.11)
HO(B) Ho(B)

= (w f)m(B) TV Oy TV By YW E V-
(5.12)

Note that the right-hand-side of the above equation is evaluated over the reference
configuration (including the gradients), and the left-hand-side is evaluated over the
final configuration.

Hereon, we shall make the simplifying assumption that the body forces and the trac-

tions are independent of the configuration of the body and evaluate the rhs of the
equilibrium equations over the reference configuration.

5.2 Semi-Discrete Galerkin Method

Let the continuous solution u;(x,t) be approximated as
ul(z,t) = NT(2)ul(t), (5.13)
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where N(x) is an array containing interpolation functions, and u?(¢) is an array con-
taining the discretized nodal values of u/(z,t). Finally, define the finite-dimensional
trial function space

Sh = {u?(x,t) | u(x,t) € H (ky(B)), wi(z,t) = g; on Fd(/-@t(B))} vVt € [0,7)(5.14)
The semi-discrete Galerkin method becomes to find u* € 8" such that

(wh , pﬁh)HO(B) + (wah , S+ 8"k (uMT

) )HO(B)
= (w", ") g+ (W vwh eV (5.15)

)r (B’

Owning to the symmetric operator, the GFEM formulation to the elasticity problem
does not suffer from any spurious wiggles and no stabilization parameters are needed.

5.3 Solution procedure

The variational formulation in previous section can be nonlinear owning to the con-
stitutive model employed. We aim to solve the resulting nonlinear equations using a
Newton-Raphson iterative scheme as done in the case of the incompressible Navier-
Stokes equations.

a . a Z 'L Z .
W(Wh , puh)HO(B Auh + W(wa , St 4 8k Vx(uh’ )T) (B)Au
= (Wh , fh)nt(B) + <W , Th. n>rn(m (B) ( , pu ,z)ﬁo
—(Vxw", 8" 4 8"Vx ")) 5 (5.16)
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Components of the above expression can be re-written as follows:

(Vxw", 8" +8"Vx(u")) 5 = (w", B+ BNL){S"})HO(B) (5.17)
0 . - . 0
W(VXWh , Sh’z -+ Sh’zVX(uh’z)T) ro(B) = m(vxwh , Sh)no(B)
, oS h\T
+ (Vxw", wvx(u ) )KO(B)
0
+ (Vxw", shﬁ(vxuh)T)m(B) (5.18)
= (B, + By.)"D(B;, + Byy)

1+ B’SB (5.19)

Rearranging, the above set of equations can be cast in a more compact matrix form

Mii + KAu = F, (5.20)

where,
M = p/QNNT dx (5.21)
K = /Q (BL+ By.)' D (B +ByyL) dX + /Q B”TSB dX (5.22)

F = /QNfdx— /Q (B, + Byy)"{S}dX

+ Nt dx + Ng dx (5.23)
Giel 004
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where,

N7 0
B, = 0 Ng , (5.24)
N, NI
Ul,lN?; Ugle?I
By = uy sN% Uy s N ; (5.25)
U171N£ + ULQN:Z; u2,1N£ + U272N€
St
{S}=1| S2 |, (5.26)
Sia
N7 0
- NT 0
0 NT
N S0
5 (ﬁ), -
v 0
D i = 1-— 0 5.29
strain (1—|—V (1_21/ OV 120 ( )
2
1 v 0
Dstress:—g v 10 (5.30)
1—v 00 1;2V

and D is a constitutive matrix.

As in the case of the fluid formulation, above equations are have been obtained using
a semi-discrete method. The continuity of the solution in time is enforced using finite
differencing. More specifically, the acceleration is approximated using a generalized
trapezoidal rule while the velocity approximation is evaluated using Newmark (-
scheme:

v =v"+ At [fa" + (1 - 0)a"], (5.31)
W vIALE K% - 5) a” + ﬂa”“] (A)2. (5.32)

In above, § and 6 determine the accuracy and stability of the scheme. Note that the
1 1

choice of § = 5 and 3 = 7 results in the the ‘constant average acceleration method’
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(Crank-Nicolson), while the choice of § = % and 3 = % results in the so-called ‘linear
acceleration method’. Using these equations, we can express the accelerations in the
final configuration in terms of the displacements, velocities, and accelerations from
the previous configuration, and also the estimate of displacements for the current

configurations:

aH:W(uH_u)_@V +<1—2—)a. (5.33)

Therefore, the iterative scheme using the Newton-Raphson scheme becomes

(6it2M + K) Au = F"*!
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6 Monolithic approach

In order to distinguish between the state variables, we use subscripts f, s, and m
to distinguish state variables defined over the fluid, the solid, and the mesh domain,
respectively. Variables u, v and a are reserved to describe displacement, velocity,
and acceleration fields. For instance, vy denotes the velocity field in the fluid, v,
denotes the velocity field defined over the solid, and v, denotes the velocity field of
the computational mesh.

The discretized equations corresponding to the governing equations for the fluid and
the mesh dynamics are summarized as follows:

Fluid:

1 . _ _ oA . A OA" , _ )
M K¢ N mvil A i+1 m A i+1 A i+1
[eAt m (B A 8vv] VI e VAW —Gudp

=F,— [M,a' + (K, +Al)v'— G,p'] (6.1)
L \ % e Ve Al 0_‘&7& % i+1 8_‘&2 ) i+1
{QNMCJF(GCJFKNLAC)JF o v] AV 4+ awAW + L Ap

=F.— [Mla'+ (G.+ K.+ Al)v' +Lp’| (6.2)

Solid:

(6it2M + Kz) (uiJrl o uz) — Fn+1

Mesh algorithm:
K, Au, =F,, — K,u, (6.4)

Equation (6.4) describes a general set of equations for updating the configuration
of the computational domain under prescribed displacements of the solid domain.
Currently, the mesh movement is accommodated by solving the linearized elasticity
equations.
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6.1 Coupling

Coupling between the different domains are achieved through the equations at the
interface between the fluid and the solid are continuity velocities and continuity of
tractions. When using conforming elements at the interface, the latter (balance of
tractions) can be replaced by the requiring balance of forces at the interface. These
two equations can be written as

—vy+v, =0,
-F;+F,=0.

Enforcement of continuity of velocities across the fluid-structure interface is estab-
lished through interface elements. Since vy does not appear as a state variable, we
enforce the discretized equation using the previously described one-step #-scheme:

_Avf + @Aus - = (_Vf + @(us - us) + TVS) (67)

where 6 € (0, 1] was introduced before for temporal discretization of the fluid equa-
tions. Finally, the systems of Equations (6.1), (6.3), and (6.4) are augmented through
Eq. (6.7). Similarly, the mesh algorithm is coupled by requiring that the fluid and
the solid remain in contact for all ¢:

— Au, + Au), = — (0} —uy,) . (6.8)

S

We further augment the state variables by introducing Frg; as a state variable which
is the common force at the interface between the fluid and the solid, and F,, as the
common (fictitious) force between the solid and the mesh.

6.2 Structure of the final systems of equations

The final (nonlinear) systems of equations to be solved iteratively can be written in
the form

A(vy,uy,uy)y =b. (6.9)
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The structure of matrix A can be emphasized by writing above equation as

X | X X | o V¢
X | X & P
T Us | _p, (6.10)
o o u,,
o o Frsi
o| o F,,

In above, the first two equations correspond to the balance of momentum and con-
tinuity in fluid, respectively, the third equation describes the balance of momentum
in solid domain, fourth equation is an mesh-updating algorithm, and finally two
equations are the coupling equations for fluid-structure, and solid-mesh algorithm,
respectively. Symbols x and o indicate non-constant and constant entries of the ma-
trix, respectively, and ® indicates terms arising due to linearization of the nonlinear
equation due to mesh dynamics.
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7 Fluid-structure interaction benchmark problem

We visit the benchmark problem described in [10]. The benchmark problem involves
the solution of flow past a rigid cylinder with a nonlinear elastic beam attached at
the downstream side of the cylinder ( 7.2.1).

Three different sets of results are made available in this benchmark problem

1. Computation Fluid Dynamics (CFD): solution to the flow problem under vari-
ous Reynold numbers without any interaction from a structure. The quantities
used for comparison are the lift and drag forces acting on the submerged struc-
ture (cylinder and the elastic beam).

2. Computation Solid Mechanics (CSM): solution to the behavior of the nonlinear
elastic beam under self-weight without the presence of the fluid. The quantities
used for comparison are the deflection of the center midpoint of the tip of the
beam.

3. Fluid-structure interaction (FSI): the coupled fluid-structure interaction prob-
lem. The quantities used for comparison are the lift and drag forces acting on
the beam and cylinder, and the deflections at the end of the beam at its neutral
axis in the undeformed configuration.

When a periodic solution is obtained, the mean-value, amplitude, and the frequency
of the quantity of interest are compared. These are defined as

1
mean = - (max + min) , (7.1)
1
amplitude = 3 (max — min) , (7.2)
1
f = — 7.3
requency = —, (7.3)

where “min” and “max” are the minimum and maximum values of quantities of
interest, and 7' is the period.

The computer code is written in the C++ programming language compiled with gcc

4.4.1. Portable, Extensible, Toolkit for Scientific computation (PETSc) [1] is used
as the primary package for performing numerical operations.
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7.1 Fluid Verfication (CFD)

In this section, we present the results obtained for the partial computational tests
corresponding to the fluid solver. The fluid of in these examples is a incompressible
Newtonian fluid with a uniform density of py = 1000, and kinematic viscosity of
py = 1.0. The domain setup is shown in Figure 7.1.1.

The inflow condition is prescribed as

S up(0,29) [1 = cos (5¢)] t<2.0
e {Uf<oax2) t>20 T

where v;(0, z2) velocity profile is given as

Uf(o, .%'2) = X2<O41 - X2>U7 (75)

0.1681

and U is a given mean inflow velocity. Three different values of U = 0.2,1.0, and 2.0
are considered which, based on the diameter of the cylinder, correspond to Reynolds
numbers of 20, 100, and 200, respectively.

A traction-free outflow (also referred to as ‘stress-free’ or ‘do nothing’) condition is
enforced weakly on the far right side of the domain.

The finite element mesh used for the solution of the incompressible Navier-Stokes
equations in the subsequent sections is shown in Figure 7.1.2. There are a total of
3610 bilinear elements, resulting in a total of 11,451 degrees of freedom.

7.1.1 Partial Test 1 (CFD1)

The second-order Crank-Nicolson scheme (6 = 0.5) is used for time integration with
a time-step of At = 0.01. The flow problem with mean flow value of U = 0.2
(Re = 20) ultimately results in a steady state solution. The time history of the drag
and lift forces acting on the cylinder and the beam are shown in Figure 7.1.3. The
corresponding stead-state values for drag and lift forces (Table 7.1.1) are in good
agreement with those reported in [10].
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Figure 7.1.1: Schematics of the benchmark FSI problem.
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Figure 7.1.2: Finite element mesh used for the solution of the N-S equations.

7.1.2 Partial test 2 (CFD2)

In this test, mean flow value of U = 1.0 is tested which corresponds to a Reynolds
number of 100.

The results in this section are obtained using the second-order Crank-Nicolson scheme
with a time-step of At = 0.01. Figure 7.1.4 shows time-history of the drag and lift
forces acting on the cylinder and the beam. As in the case of CFDI1, ultimately a
steady-state solution is obtained. The obtained steady-state values for drag and lift
forces acting on the submerged structure is tabulated in Table 7.1.2 and compared
with those published in [10].
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Figure 7.1.3: Time history of drag and lift forces for CFD1. Time integraed using
Crank-Nicolson, At = 0.01
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Table 7.1.1: Results for CFD1

CFD1 Drag | Lift
Present 14.285 | 1.156

’ Reference ‘ 14.29 ‘ 1.119 ‘

Drag force for CFD2 Lift force for CFD2

200

Drag

lift

100 — -

50 —

time time

Figure 7.1.4: History of drag and lift forces for CFD2

7.1.3 Partial test 3 (CFD3)

The third and final CFD test, a flow with a mean value of U = 2 is prescribed which
corresponds to a flow with a Reynolds number of 200. The results described in this

section are ran with the second-order Crank-Nicolson scheme with a time-stepping
size of At = 0.01.

The time history of the drag and lift forces acting on the submerged structure is

shown in Figures 7.1.5. These results are tabulated in Table 7.1.3 and compared with
those published in [10].
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Table 7.1.2: Results for CFD2

CFD1 Drag | Lift
Present 136.13 | 9.119

] Reference \ 136.7 \ 10.53 ‘

Drag force for CFD3 Lift force for CFD3

500
AMAMMAAMAAAANAAN 600

/ 200
300 /
200

/ -200
100

-400

lift
o

Drag

time time

Figure 7.1.5: History of drag and lift forces for CFD3

Table 7.1.3: CFD3 results
’ Case \ Drag \ Lift ‘
| Present | 484.37+3.865[4.329] | —81.44 4+493.36[4.55] |
| Reference | 439.45 + 5.6173[4.3956] | —11.893 4 437.81[4.3956] |

7.2 Solid verification (CSM)

In this section, we consider the structural component of the benchmark problem
discussed in Section 7. The dimensions of the problem are shown in Figure 7.2.1. In
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Figure 7.1.6: History of drag and lift forces for CFD3 — magnified

these problems, the driving force is only the self-weight of the beam. In all following
problems, the gravitational constant and Lamé constant v* are taken to be g = —2
and v° = 0.4. In all simulations, bilinear quadratic elements are used, and the beam

0.02

Y

™/
> -

A

0.35

Figure 7.2.1: Schematics of the benchmark CSM problem.

is assumed to be perfectly rectangular in its un-deformed configuration (neglecting
the circular inclusion) for convenience.

The quantity used for verification is the displacement of point A in beam (see Fig-
ure 7.2.1).
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7.2.1 Partial test 1 (CSM1)

This test involves the analysis of the elastic beam under self-weight without including
the intertial effects. Elastic modulus is taken to be E* = 1.4 x 10°. We consider 4
discretization levels to verify that the solution converges with mesh refinement. The
coarsest mesh size (35 x 4) is the one used in the coupled fluid-structure interaction
test problem described in the next section. The displacements at point A of beam
for various discretization levels are tabulated in Table 7.2.1 and compared with the
reference values available in [10].

Table 7.2.1: Results for CSM1
| Resolution | No. of elements | ndof | u, of A [x107%] | u, of A [x107%] |

35 x 4 140 360 -5.600 -58.373
100 x 12 1,200 2,626 -6.848 -64.438
200 x 24 48,000 10,050 -7.019 -65.248
300 x 50 15,000 30,702 -7.059 -65.433

’ Reference ‘ — ‘ — ‘ -7.187 ‘ -66.10

7.2.2 Partial test 2 (CSM2)

In this test, we again consider elastic beam under self-weight without including the
intertial effects. Elastic modulus is taken to be E* = 5.6 x 10°. The displacements
at point A of beam for various discretization levels are tabulated in Table 7.2.2 and
compared with the reference values available in [10].

7.2.3 Partial test 3 (CSM3)

In the last partial test for the solid, the elastic modulus of the beam is taken as
E* = 1.4x10° and the inertial effects are included. The obtained results are tabulated
in Table 7.2.3 for two disretization levels. The first discretization corresponds to the
discretization used for solving the fluid-structure interaction problem considered in
the next section.
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Table 7.2.2: Results for CSM2
’ Resolution ‘ No. of elements ‘ ndof ‘ u, of A [x1073] ‘ u, of A [x1077] ‘

35 x 4 140 360 -0.362 -14.901
100 x 12 1,200 2,626 -0.446 -16.527
200 x 24 4,800 10,050 -0.458 -16.745
300 x 50 15,000 30,702 -0.460 -16.795

| Reference | - | - | 04690 | -16.97 |

The time-history of the vertical and lateral deflections of point A on the beam for the
coarsest mesh are shown in Figures 7.2.2 and 7.2.3, respectively.

Table 7.2.3: Results for CSM3

| Resolution | No. of elements | ndof | U, of A [x1073] \ u, of A [x1077] |
35 x 4 140 360 | —11.204 + 11.2035[1.15] [ —56.652 & 57.798[1.15]
300 x 18 5,400 11,438 [ —14.226 + 14.228[1.09] | —63.558 + 64.372[1.11]

| Reference | - |~ | —14.305 + 14.305[1.0995] | —63.607 % 65.160[1.0995] |
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8 Monolithic formulation verification

In this section we consider the fully coupled problem of flow passed a nonlinear
elastic beam attached to a cylinder. The parameter settings for the fluid-structure
interaction test cases are listed in Table 8.0.4.

Table 8.0.4: FSI parameter settings
| Parameters | FSI1 | FSI2 | FSI3 |

ps[10°] 1 10 1

E,[109] 14 | 14 | 56

pr[10°%] 1 1 1
vy 1 1 1
U 0.2 1

8.1 Fluid-structure interaction CASE 1 (FSI1)

The time history of the drag and lift forces acting on the submerged structure are
shown in Figures 8.1.1 and 8.1.2, respectively. These results are obtained using the
second-order accurate Crank-Nicolson (CN) scheme with a time-step of At = 0.01.
The solution reaches what looks to be a steady state solution before exhibiting signs
of instability as can be seen in Figures 8.1.1.

The same problem is revisited using the Backward-Euler (BE) time-integration scheme
with a time-step size of At = 0.001. The graphs of lift and drag forces are shown
in Figures 8.1.5 and 8.1.6, respectively, and deflection in the horizontal and vertical
direction of point A is shown in Figures 8.1.7 and 8.1.8, respectively.

The steady-state values of the solution are tabulated in Table 8.1.1 and compared to

those listed in [10]. The discrepancy of the two solutions can be explained by the
rather coarse mesh (35 x 4) used for spacial discretization of the beam.
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FSI1: History of drag force on cylinder + beam (CN, At= 0.01)

A

Drag force
%

Figure 8.1.1: History of drag force for FSI1 using Crank-Nicolson time integration
scheme with At = 0.01 showing instability towards the end of the graph
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FSI1: History of lift force on cylinder + beam (CN, At= 0.01)
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Lift force
o
N
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-0.2

Figure 8.1.2: History of lift force for FSI1 using Crank-Nicolson time integration
scheme with At = 0.01
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ro0s FSI1: Time history of Ax at point A on beam (CN, At = 0.01)
e_

- \K

2e-05

le-05

-1e-05

Figure 8.1.3: History of Awu; at tip of beam using Crank Nicolson time integration
scheme with At = 0.01 — FSI1
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0.0008 FSI1: Time history of Ay at point A on beam (CN, At = 0.01)

—
0.0006 /

0.0004

2Z0.0002

-0.0002

-0.0004
0

Figure 8.1.4: History of Auy at tip of beam using Crank-Nicolson time integration
scheme with At = 0.01 — FSI1
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FSI1: History of drag force on cylinder + beam (BE, At= 0.001)

A

Drag force
%

Figure 8.1.5: History of drag force for FSI1 using Backward-Euler scheme with At =
0.001
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FSI1: History of lift force on cylinder + beam (BE, At= 0.001)
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Figure 8.1.6: History of lift force for FSI1 using Backward-Euler scheme with At =
0.001
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ro0s FSI2: Time history of Ax at point A on beam (BE, At = 0.001)
e_

- \

2e-05

le-05

-1e-05

Figure 8.1.7: History of Auy at tip of beam using Backward-Euler time integration
scheme with At = 0.001 — FSI1
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0.0008 FSI2: Time history of Ay at point A on beam (BE, At = 0.001)
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Figure 8.1.8: History of Ausy at tip of beam using Backward-Euler time integration
scheme with At = 0.001 — FSI1
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Table 8.1.1: FSI1 results using Backward-Euler

| Case | uy of A[107] | uy of A [107] | Drag | Lift |
| Present (BE) | 0.0230 |  0.7815 | 14.267 | 0.8145 |
| Reference | 0.0227 | 0.8209 | 14.295 | 0.7638 |

8.2 Fluid-structure interaction CASE 1 (FSI2)

These results in this section are obtained using the second-order accurate Crank-
Nicolson (CN) scheme with a time-step of At = 0.01.

The time history of the drag and lift forces acting on the submerged structure are
shown in Figures 8.2.1 and 8.2.2, respectively. The time history of the deflections at
point A of the beam are plotted in Figures 8.2.3 and 8.2.4. As it can be shown in
these figures, the beam experiences significant deformations. An isolated snapshot
of the computational mesh at a point in which the beam experiences its maximum
magnitude of deformation is shown in Figure 8.2.6.

The obtained results are in good agreement to those published in [10] (Table 8.2.1).

Table 8.2.1: FSI2 results

| Case | u, of A[1I0] | w, of A[1077] | Drag \ Lift |
| Present (BE) | —13.42 + 12.08[3.85] | 1.40 & 76.49[3.85] | 213.20 & 71.80[2.0] | —0.15 =+ 218.26[2.0] |
| Reference | —14.58 £12.44[3.8] | 1.23£80.6[2.0] | 208.83 +73.75[3.8] | 0.88+234.2[2.0] |
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200 FSI2: History of drag force on cylinder + beam (CN, At= 0.01)

250

200

a

o
>
—
—
—
—

Drag_force

100

50

Figure 8.2.1: (FSI2) History of drag force using Crank-Nicolson time integration
scheme with At = 0.01
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FSI2: History of lift force on cylinder + beam (CN, At= 0.01)
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Figure 8.2.2: (FSI2) History of lift force using CN scheme with At = 0.01
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FSI2: Time history of Ax at point A on beam (CN, At = 0.01)
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Figure 8.2.3: (FSI2) History of Au; at point A on beam using Crank-Nicolson time
integration scheme with At = 0.01
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FSI2: Time history of Ay at point A on beam (CN, At = 0.01)
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Figure 8.2.4: (FSI2) History of Aus at point A on beam using Crank-Nicolson time
integration scheme with At = 0.01
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Figure 8.2.5: Snapshot of pressure field at t = 15 (CN, At = 0.01)
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9 Work to be done

In this report, we have implemented the ALE formulation for analyzing fluid-structure
interaction problems. The obtained results so far have been in good agreement to
other available published results. Below, we summarize some of the ongoing work in
progress:

1. Numerical instabilities were experienced when a second-order accurate time-
stepping scheme was employed for analyzing the fully coupled fluid-structure
interaction problem. The cause for the numerical instability is being studied
right now.

2. The sea-bed scour problem involves a free-surface. We are considering devel-
oping and implementing in the code an appropriate method for tracking free
surface.

3. The coupled problem is very computationally expensive. In order to obtain
results in a timely manner, a parallel implementation of the code will be con-
sidered.
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