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Abstract

We describe a mixed Eulerian-Lagrangian approach for solving fluid-structure interaction (FSI) problems.
The technique, which uses deforming composite grids (DCG), is applied to FSI problems that couple high
speed compressible flow with elastic solids. The fluid and solid domains are discretized with composite
overlapping grids. Curvilinear grids are aligned with each interface and these grids deform as the interface
evolves. The majority of grid points in the fluid domain generally belong to background Cartesian grids
which do not move during a simulation. The FSI-DCG approach allows large displacements of the interfaces
while retaining high quality grids. Efficiency is obtained through the use of structured grids and Cartesian
grids. The governing equations in the fluid and solid domains are evolved in a partitioned approach. We solve
the compressible Euler equations in the fluid domains using a high-order Godunov finite-volume scheme. We
solve the linear elastodynamic equations in the solid domains using a second-order upwind scheme. We
develop interface approximations based on the solution of a fluid-solid Riemann problem that results in a
stable scheme even for the difficult case of light solids coupled to heavy fluids. The FSI-DCG approach is
verified for three problems with known solutions, an elastic-piston problem, the superseismic shock problem
and a deforming diffuser. In addition, a self convergence study is performed for an elastic shock hitting
a fluid filled cavity. The overall FSI-DCG scheme is shown to be second-order accurate in the max-norm
for smooth solutions, and robust and stable for problems with discontinuous solutions for a wide range of
constitutive parameters.
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1. Introduction

Fluid-structure interaction (FSI) problems are multi-domain problems involving moving and deforming
solids that are coupled to a neighboring fluid or gas. These problems are important in many fields of
engineering and applied science and are often computationally challenging. Examples of FSI problems include
the modeling of flow-induced vibrations of structures (aircraft, undersea cables, wind turbines, buildings),
parachutes and airbags, blood flow in veins and arteries, acoustic lenses, thermal expansion in nuclear reactor
cores, shock-structure interactions (blast effects), and weapons effects, to name just a few.

FSI is an active field of research and there are a wide variety of numerical techniques that have been
developed for simulating problems in this area. These techniques include Eulerian, Lagrangian, Arbitrary
Lagrangian-Eulerian (ALE) [1, 2, 3, 4], immersed boundary [5, 6], embedded boundary [7], level-set [8, 9],
interface tracking [10, 11], and distributed-Lagrange-multiplier /fictitious-domain methods [12]. Numerical
approximations based on finite-element [13], finite-volume [14, 15] and discontinuous Galerkin methods [16],
among others, have been developed. FSI simulations can be extremely challenging for a number of reasons.
They can require the coupling of multiple complex physics regimes involving disparate spatial and temporal
scales. In addition, developing accurate and stable numerical approximations for the coupling conditions
between different physical domains is often nontrivial. In particular, the simulation of light solids has proven
to be difficult for many conventional algorithms. This difficulty is often attributed to the so-called added
mass effect whereby the additional force required to push a light body through a heavy fluid (as compared to
pushing the body through a vacuum) can be interpreted as the body having an additional mass (tensor) [17].
A monolithic approach, forming a fully coupled implicit system for fluids and solids, is often used to avoid
stability problems associated with light solids. Monolithic solvers, however, can be expensive and require the
development of new forms of preconditioners to solve the coupled FSI equations. In this article, we present
an interface approximation for partitioned solution algorithms that remains stable for a wide range of FSI
regimes, including those involving light solids.

Another key challenge for FSI simulations is the accurate representation of interfaces and the need to
maintain high-quality grids even under large displacements and rotations. Fast algorithms for grid regener-
ation at each time step are particularly challenging. The different approaches to solving FSI problems all
have their strengths and weaknesses in terms of range of applicability, flexibility, accuracy and computational
performance. Approaches based on block-structured grids, for example, can be efficient and accurate, but
they have difficulty treating general motions of solid bodies. Unstructured-mesh algorithms, on the other
hand, can be flexible at representing the geometry of an FSI problem, but can be computationally expensive
and present challenges in terms of mesh quality as the geometry evolves with time.

In this article we describe a mixed Eulerian-Lagrangian approach for solving FSI problems. The technique
is based on the use of deforming composite grids (DCG) to locally represent interfaces with deforming
curvilinear grids that overlap other static grids. The FSI-DCG approach allows large displacements of
interfaces while retaining high-quality grids and is thus especially effective for problems where solids move
large distances and undergo large rotations. Highly distorted interfaces, however, would require the use of
a locally fine mesh since the interface is represented with a body-fitted grid. Efficiency is achieved through
the use of structured and Cartesian grids along with fast moving-grid generation algorithms. This FSI-
DCG methodology builds upon previous work in the approximation of partial differential equations (PDEs)
using the overlapping grid technique. Overlapping grids have been used to solve a wide variety of problems,
primarily in the fields of aerodynamics and fluid dynamics, but more recently they have also been applied
to electromagnetics [18] and solid mechanics [19]. Overlapping grids were recognized early on to be a useful
technique for treating rigid moving bodies, such as aircraft store separation [20], and have subsequently been
applied to many other moving-grid aerodynamic applications, see for example [21,22,123, 24, 25].

The FSI-DCG technique is a general approach which extends the overlapping-grid technology to a wide
class of multi-domain problems with evolving and deforming interfaces. However, in the current context we
first restrict our attention to coupling compressible ideal gases with linear elastic solids. The algorithms and
interface approximations are developed and verified for this important model problem before considering
other models for the fluid or solid. An important aspect of this current work is the development of a scheme
that is second-order accurate for smooth solutions, robust for shocks, and stable for a wide range of material
parameters. In the FSI-DCG approach, the fluid and solid domains are independently discretized with
overlapping grids. One or more curvilinear grids are aligned with each fluid-solid interface and these grids
deform as the interface evolves. The majority of the grid points in the fluid domain generally remain fixed
during the computation, and static grids are used to discretize the fixed reference domains for the solid. The
governing equations in the fluid and solid domains are evolved in a partitioned approach (although a coupled



monolithic approach is also possible). In fluid domains we solve the Euler equations for a compressible
inviscid fluid on a (possibly) moving grid using a high-order Godunov finite-volume scheme as described
n [22]. In solid domains we solve the elastic wave equation on a fixed reference grid using a second-order
upwind scheme as discussed in [19]. The multi-domain time-stepping algorithm we use is an extension of the
approach developed in [26] for the case of conjugate heat transfer (coupling incompressible fluid flow and
heat transfer in solids).

At a fluid-solid interface of an FSI problem, the normal components of the fluid and solid velocities must
match along with the fluid and solid tractions (the traction is the force per unit area on the interface). The
standard partitioned approach to fluid-solid interfaces attempts to decouple these two conditions by choosing
the interface velocity to be that of the solid, and the interface traction to be that of the fluid. Although
this velocity-from-solid /stress-from-fluid (VS/SF) approximation performs well for many situations, it is
unstable for case of light solids coupled to heavy fluids (more correctly it is unstable when the ratio of the
solid impedance to fluid impedance is too small, see Section 4). Extending the recent work of Banks and
Sjogreen [27], we have developed a new fluid-solid interface approximation that is based on the solution of
a fluid-solid Riemann problem. The linearized form of this interface approximation determines the interface
velocity and traction as an impedance weighted average of the fluid and solid values. It reduces to the
standard VS/SF scheme in the limit of very heavy solids but uses a stress-from-solid /velocity-from-fluid
(SS/VF) approximation in the limit of very light solids. The stability of the linearized interface scheme for
the linearized equations was proved in [27]. The related nonlinear interface scheme described herein also
appears to be stable for all ratios of the fluid to solid impedances.

The remaining sections of the paper are organized as follows. Section [2 provides a list of the principal
variables and their symbols used in the paper. In Section[3 we present the governing equations, boundary
conditions, and interface conditions that define the FSI initial-boundary-value problem under consideration.
Section [4] is devoted to a discussion of the one-dimensional elastic-piston FSI problem. The solution to
the fluid-solid Riemann problem is presented and a number of exact solutions are derived; these are used
later for numerical verification. The FSI-DCG algorithm and interface scheme are described in detail for
the elastic-piston, and the resulting numerical approximations are verified. In Section [5.1 we describe the
multi-dimensional FSI-DCG approach and give a short overview of the overlapping grid technique. In
Section [5.2) we summarize the discrete approximations used to solve the governing equations in the fluid and
solid domains, while in Section we outline the multi-domain time-stepping algorithm used for solving
the coupled FSI problem. Section 6 provides numerical verification of the full two-dimensional FSI-DCG
scheme. We begin by verifying the FSI-DCG scheme for three problems with known solutions: the two-
dimensional elastic-piston problem, the superseismic-shock problem, and a deforming-diffuser problem. We
then perform simulations of an elastic shock impacting a fluid-filled cavity to demonstrate the stability of
the two-dimensional interface approximations for light and heavy solids. We close Section [6] by considering
the problem of a shock impacting two deformable sticks. Concluding remarks are made in Section[7.

2. Nomenclature

In this brief section, we list the principal variables that appear in this article and the symbols used to
denote them. Variables associated with the solid are indicated by an over-bar to distinguish them from
variables related to the fluid.

p, v = (01,02), 0= (U1,Us), &@ = (Tmn) : solid density, displacement, velocity and stress tensor .
(A, 1), ¢p, s : Lamé material parameters, p-wave speed, and s-wave speed for the solid.

p, v = (v1,v2), p, E : fluid density, velocity, pressure and total energy.

v, a : ratio of specific heats and speed of sound in the fluid.

Qf, x : fluid domain k, fluid spatial coordinates.

O, X : solid domain k, solid reference coordinates.

G, G4 : composite grid, component grid g.

x = G(r,t) : mapping (from the unit-square coordinates r) for a moving component grid.

3. Governing equations

We consider the solution to an FSI initial-boundary-value-problem (IBVP). The domain of interest con-
sists of a set of fluid domains {Qx}, k = 1,2,... Ny, and a set of solid domains {Q}, k =1,2,...N;. The
regions of physical space occupied by the fluid and solid may evolve in time as the interfaces between the



regions evolve in time. For each fluid domain §(¢), which is assumed to contain an inviscid compressible
fluid, we solve the Euler equations in terms of the physical space coordinate x and time t. These equations
may be written in the conservation form

Ow + Vy - f(w) =0, x € Qi(t), t>0, (1)
where w = [p, pv, pE|T is the vector of conserved variables (mass, momentum, energy) and f = [pv, pv@v +
pL (pE+p)v]T is the flux. The total energy is given by pE = p/(v—1)+ 1 p|v|? assuming an ideal gas with a
constant ratio of specific heats. Within each solid domain € we solve the equations of linear elasticity which
are written as a first-order system for displacement, velocity and stress in terms of the reference coordinate
% and time t. These equations are

o,a =+, POV = Vx - 5, 0o = S(Vzv), xeQ, t>0, (2)

where & = S(Vxii) denotes the stress-strain relationship given by & = A(Vx - 0)I + u(Vxa + Vzi?l). In
this formulation, the equations governing the solid are solved in each (static) reference domain (2, and the
evolution of the region occupied by the solid in physical space, x(X,t) = X + u(x, ), is determined from the
displacement, (X, t), whose solution is obtained from (2).

The initial state of the fluid in Qf is given by w(x,0) = wo(x), while initial conditions for the solid in
Q. are given by (X, 0) = 0y (X), V(X,0) = v((X) and &(%,0) = S(Vxip(X)). At an interface Z between the
fluid and solid, we impose the interface conditions

7t'777t: 7t' ’t7 X 7
{n(x ) V(’; ) =n(x i v(x,1) forxeZand x €7, (3)

where p, is a pressure offset, n(x, t) is the normal to the fluid interface, and n(x) is the corresponding normal
to the solid reference domain®. Here, Z denotes the position of the interface in the solid reference frame
corresponding to the interface Z in the physical domain. The first condition in (3) is a kinematic condition
involving the normal component of velocity (the inviscid equations allow slip) and the second is a dynamic
condition involving a balance of forces on the surface of the interface. Note that the normal to the fluid
domain, n(x,t), is generally different from the normal to the solid reference domain, n(x), although under
the assumption of small strains that lead to the equations of linear elasticity, these two normals will be
nearly the same. The choice of which normals to use in (3) is thus somewhat arbitrary and we have made
the given choice for convenience of implementation. Boundary conditions are also required for the remaining
boundaries of the fluid and solid domains, and these can take various forms as described for the sample
problems considered later.

4. One-dimensional elastic piston

The one-dimensional elastic-piston problem is an instructive model problem for fluid structure interac-
tions. Exact solutions of the problem can be obtained for various choices of the initial conditions, and these
can be used to check the accuracy and stability of numerical schemes for FSI problems. In addition, we
use the solution of the fluid-solid Riemann problem, a special case of the elastic-piston problem, to develop
discrete approximations of the interface conditions (3) which have favorable stability and accuracy properties.

We consider a one-dimensional elastic-piston problem that couples the solution of a linear elastic solid
(the “piston”) and an inviscid compressible fluid. At ¢ = 0 the elastic solid occupies the domain Q = (—oc0, 0)
and a compressible fluid occupies the adjacent domain (0) = (0,00). (The subscripts on Q and Q have
been dropped for notational convenience.) As time evolves, the interface Z between the solid and fluid traces
the curve = G(t), while the corresponding position of the interface Z in the solid reference frame is given
by & = 0, as shown in Figure[l. For this one-dimensional problem, the governing equations for the solid and
fluid, given by (2)) and (1), respectively, become

ou—v=0 Op + 0z (pv) =0
pov — 0z =0, for z <0, Ot (pv) + 0p(pv* +p) =0, for z > G(t), (4)
0o — ﬁcﬁ@iﬂ =0 O(pE) + Oy (pEv+pv) =0

3We use the convention that at a fluid-solid interface both fluid and solid normals point into the fluid domain.



z2=0
x=G(t) c,
T =—cpt (@,t) T = aopt
tio (Z) (G(7),7) % Po
o () Vo
%(@) solid fluid Po x

Figure 1: The z-t diagram for the elastic piston problem with a receding piston.

where pE = p/(y — 1) + pv?/2. As mentioned previously, the equations for the solid are solved in terms of
a fixed reference coordinate & with the corresponding physical position given by x = Z + @, where u is the
computed displacement. In general, the initial conditions are taken to be

[a(z,0),0(z,0),5(Z,0)] = [Go(Z), To(Z), 5012185;1]0(3?)] for z < 0, (5)
[p(x,O),v(x,O),p(%O)} = [p()(;m()),vo(l',0),p0($,0)], for z > 0, (6)
and the interface conditions in (3) reduce to
v(Z,t) = v(x,t), B and T —
{U(x,t) — o(et) = —p(z.t) + po. for x = G(t) and 0. (7)

We first consider the elastic-piston problem for the case where the initial states in (5) and (6) are taken
to be constants. The solution of this fluid-solid Riemann problem is given in Section 4.1 for both the
linearized and the full nonlinear problems. Solutions of these two fluid-solid Riemann problems are used to
derive discrete approximations of the interface conditions which are then used in the FSI-DCG time-stepping
algorithm. The details of this time-stepping algorithm in the context of the elastic-piston problem are given in
Section[4.2l Finally, we consider numerical results for more general one-dimensional elastic-piston problems
in order to demonstrate the stability and accuracy of the time-stepping scheme. These numerical results
make use of two exact solutions, one involving a shock in the fluid hitting a solid piston at rest, and the
other involving a gently receding piston. The first solution, given in|Appendix B, is used in part to test the
robustness and accuracy of our scheme for non-smooth solutions and for the difficult case of a shock hitting
a very light piston. The second solution, given in|[Appendix A] is designed to test the convergence rate of
the scheme in the maximum norm for a solution that is sufficiently smooth.

4.1. The fluid-solid Riemann problem

In this section we derive the solution to the fluid-solid Riemann (FSR) problem which will later be used
to define a numerical approximation at the interface. The FSR problem is a special case of the elastic-piston
problem where the initial conditions consist of a constant solid state next to a constant fluid state. The FSR
problem is nonlinear in general, but we are also interested in a corresponding linearized FSR problem for
the purpose of developing simpler discrete approximations.

At t = 0 we assume that an elastic solid occupies the domain Z < 0 with constant values [tg, o] and
a fluid occupies the domain = > 0 with constant values [pg,vo, po]. Figure [2] shows the basic form of the
solution in a space-time diagram. The fluid wave associated with the C* characteristic field may be a shock
or an expansion fan. The velocity and stress in the solid jump across the p-wave shock at £ = —cpt. Let
[p*,v*, p*] denote the fluid state adjacent to the interface and let [0*,5*] denote the solid state between the
p-wave and the interface. The interface conditions imply v* = v* and ¢* = —p* + p., and the interface
moves with the constant velocity so that its position is given by x = G(t) = v*t = v*¢.

4.1.1. The linearized fluid-solid Riemann problem
We first consider the solution of the fluid-solid Riemann problem in which the fluid equations in (4) are
linearized about the constant initial state [pg, vo, po]. To better see the symmetry between the fluid and solid
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Figure 2: The z-t diagram for the fluid-solid Riemann problem. The wave on the right may be a shock with speed S or an
expansion fan. The interface between the fluid and solid is given by & = 0 in the solid and = = v*t = v*t.

equations for this problem, we introduce a fluid stress ¢ = —p + p. and the corresponding constant states
00 = —po + pe and ¢* = —p* + p.. The linearized equations are
O —v=0 Ogp + vo0zp + po0zv =0
00— (1/p)0z6 =0, for z <0, 0w + v90,v — (1/p0)0z0 =0, for x > vt. (8)
010 — ﬁci@;ﬁ) =0 0o + vg0p0 — poa?)@wv =0

The characteristic relations for these hyperbolic equations are

du/dt = v, ondz/dt=0, agp+ o =aipo+ oo, on dx/dt = vy, )

Z0F 0 = Z0y F 09, on dT/dt = *cp, 20 F o = 2v9 F 09, on dz/dt = vy + ag,
where Z = pc, and z = ppap are the acoustic impedances of the solid and fluid, respectively. Using the
equations in (9) for the CT characteristic in the solid and the C~ characteristic in the fluid, along with the

interface conditions

1

(z,t) = v(x,t), _ o
{a(x 0 = o(e.1). for x = vot and T = 0, (10)

gives zZv* — 0¥ = Zvg — 0 and zv* + 0¥ = zvg + 09. Whence,

ZUo + 29 09 — 0g

v =7" = 2 + 2 2 (11)
Z+z Z+z
_71_ 71 —
_ Z 09+ z "o Vo — Vo
o*=a%= Eay + P (12)

The density of the fluid adjacent to the interface is given by p* = pg — (0* — 0¢) /a3, which is obtained using
the C° characteristic equation in (9) that holds along particle paths dz/dt = vg in the fluid. This condition
is a linearized form of the entropy condition

p* = po(p*/po)"/. (13)
In practice, we have found this latter condition to be preferable to the lineared form for use in numerical
simulations. Denote this solution, (II), (12) and (13) to the linearized FSR problem by

[0*70*717*577*75*] :‘CfSR(pOuU()?pO;’BOv&O)' (14)

The results in and (12) show that the velocity and stress in the fluid (and in the solid) adjacent to the
interface are given by impedance-weighted combinations of the initial states of the fluid and solid. In particu-
lar, we note that the commonly used velocity-from-solid /stress-from-fluid (VS/SF) interface approximation,
vy = 0* and o7 = o*, corresponds to (11) and (12) in the limit of a heavy solid, i.e. z/Z — 0, provided we
also neglect the terms proportional to o9 — ¢ and vg — ¥p. (For smooth solutions these latter terms are
approximations to the interface conditions themselves and so are small.) The results in (11), (12) and
are used later to derive discrete approximations for the states on either side of the fluid-solid interface.



4.1.2. The nonlinear fluid-solid Riemann problem

The solution of the nonlinear FSR problem consists of two cases. In the first case there is a shock in the
fluid in the CT characteristic field, while in the second case there is an expansion fan (these two cases are
illustrated in Figure [2). Consider first the case of a shock in the fluid traveling with speed S. The jump
conditions at the shock imply

(v +1)M? 2y 9 2(M? —1)
* _ * = 1+ ——(M?>—-1 = 7 15
p po(v—l)M2+2’ P =po +'y+1( ) ) v’ =1 + ag v+ UM (15)

where M = (S —wg)/ap is the Mach number of the shock relative to the flow ahead (see, e.g., Whitham [28]).
Combining the jump conditions in (15), the C* characteristic relation in the solid (i.e. z20* — ¢* = zvy — 7¢),
and the interface conditions gives the following cubic equation for M:

2 5o — 1 —7 21— M?2
<1+ 2 (M2—1)+UO pe) 7/)?@0 +Uo Yo _ ( ). (16)
v+1 Po Y pcp ag (y+1)M

After solving (16) for the physically relevant root M, the state of the fluid adjacent to the interface is
given by (15) provided M > 1. The state of the solid adjacent to the interface is given by #* = v* and

0* = —p* + p.. If M < 1, then an expansion fan in the C* characteristic field is indicated. For this case,
we use the characteristic equations
) 2 2 ~—1 y=1
N (S CONS w
v—1 v—1 ao Po Po

along with the interface conditions in (7) to obtain the following nonlinear equation satisfied by p*,

=1

9 * 727 * + (5 — . 9 -
ag (p> + P (_ 0= P ) = ag + Vg — ug. (18)
vy—=1 " \po pep v—-1

After solving this equation for p*, the values of a*, p*, and v* are given using the characteristic equations
in (17). The velocity in the expansion fan varies linearly with « and is given by

xz/t — (v* +a*)
vo + ag — (v* +a*)

v(z,t) =v" + (v —v*), for v* 4+ a* < z/t < v + ao. (19)
Given v(z,t) in the fan, a(z,t), p(x,t) and p(x,t) in the fan follow from (17).

In summary, the solution to the nonlinear fluid-solid Riemann problem breaks into two cases correspond-
ing to the existence of a shock (M > 1) or rarefaction (M < 1) in the fluid as indicated by the solution
of (16). For the shock case with M > 1, the solution in the fluid adjacent to the interface is given by (15).
For the rarefaction case with M < 1, the solution is given by (17)—(19). In either case we obtain a formula
for the state adjacent to the interface in terms of the initial states. We denote this solution by

[p*av*ap*;’r]*76*] :fSR(POaUOap0§17075'O)~ (20)

It can be shown that the solution to the nonlinear FSR problem is close to that of the linearized FSR problem
when the jump at the interface is small, vy = vy and Gy = 0y.

4.2. The FSI time-stepping algorithm and discrete interface approximations

In this section, the FSI time-stepping algorithm and discrete approximations used at the fluid-solid inter-
face are described. For clarity, the algorithm will be presented in detail for the case of the one-dimensional
elastic piston. The one-dimensional case is simpler to describe than the general multi-dimensional case and
it contains all of the salient features of the approach. An advantage of the numerical approach discussed
here is that it is stable for both limiting cases of a “heavy” solid next to a “light” fluid and a “light” solid
next to a “heavy” fluid. This is in contrast to the aforementioned standard VS/SF approach which is known
to be unstable for the case of a “light” solid next to a “heavy” fluid. Finally, the discussion here focuses on
the numerical treatment of the interface, while the numerical approximation of the governing equations is
discussed briefly in Section [5.2 for multi-dimensional problems with additional details found in [29, 22, 19].
The interface approximation used here and described below is an extension of the method developed in [27].
In [27] the authors derived the impedance weighted averages (11) and (12) for a linear elastic solid coupled



to an acoustic fluid. They proved the stability of a numerical scheme using these approximations. The proof
did not include the second terms (o — 7¢)/(Z + 2) and (vo — 9)/(271 + 271) in (11) and (12), although the
proof can be extended to handle these additional terms. In the current paper we show the benefit (perhaps
necessity) of either keeping these additional terms, or using the full nonlinear solution of the FSR problem
when treating problems with strong shocks. The more accurate treatment for ghost point values given here
also differs from that in [27].

In the fluid domain of the elastic piston, the governing equations in are transformed to a moving
coordinate system r = x — G(t). The solid equations are solved in the fixed reference coordinates z,
00 < T < 0. The governing equations for the solid and the fluid become

O —v=0 Op+ (v—G)Orp+ porv =0
010 — (1/p)0z6 =0, for 7 <0, o+ (v— Q@)+ (1/p)dp=0, forr >0, (21)
00 — peadzv =0 op + (v —G)d,p+ pa’dv =0

where p = p(r,t), v = v(r,t) and p = p(r,t) are now functions of r and ¢, and G is the velocity of the
interface. The interface jump conditions are

{

The governing equations for the fluid are written here in non-conservative form since this clarifies the subse-
quent discussion of the numerical treatment of the interface. However, the numerical approximations of the
fluid are developed for the equations in conservation form (see Section[5.2).

<

(Z,t) = v(r,t),

_ forr=0and z =0. (22)
($7t) = _p(rat) +p67

Qi

solid fluid
why Wi owl w?
2 1 0o W_1
1 1 1 1 1 1 1
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x I } } } } }
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Figure 3: Grids for the elastic piston problem. The discrete solution for the solid is denoted w}' and that for the fluid w}.
Ghost point values w”; and w™; are included.

To solve this elastic-piston problem numerically, we introduce a mesh for the solid domain z; = —iAZ,
i=-1,0,1,... and a mesh for the fluid domain r; = iAr, i = —1,0,1,.. ., and introduce the corresponding
discrete approximations wi* = [p, v, p?'] and Wi = [a}, T}, 5}], where, for example, pl ~ p(r;,nAt), as

shown in Figure[3. Suppose the discrete approximations v_vl’-“1 and W?il, 1 =—1,0,1,2,..., are given at

time ¢"~! = (n —1)At. The algorithm for advancing the solution to the new time t" = nAt consists of three
stages. These stages are described in the subsections below and are summarized in Figure

4.2.1. Interior Stage

The first stage of the time-stepping algorithm is a predictor step that uses approximations for the location
of the fluid grid, GP, and its velocity, GP , at time t". These two quantities are obtained by extrapolation in
time from a time history of the grid locations, and are used in the numerical approximations of the PDEs

in (2I) to advance the solution to time ¢™ at interior and interface points, i.e. we obtain w? and w?, for
i=0,1,2,.... Denote the predicted values for the fluid and solid on the interface by w{} = [po, vo, o] and
w{ = [to, o, Go], respectively, and let o9 = —pg + p.. We note that these predicted values do not satisfy

the interface conditions in general. For example, the interface velocity of the solid is generally different from
that of the fluid, i.e. 9§ # v§.

4.2.2. Interface Stage

The second stage of the time-stepping algorithm is a projection step that uses the predicted interface
values wjj and w{ to determine new interface values that satisfy the jump conditions in (22). These new
interface values, which we denote by pr, vy, oy and p; = —o; + pe, are found from the solution of the
fluid-solid Riemann problem as described in Section[4.1 with initial left and right states taken to be w{j and
w{, respectively. We solve the FSR problem in pseudo-time ¢* and determine the solution at the interface



The FSI time stepping algorithm
Stage Condition Type Assigns
Interior(a) Predict grid and grid velocity extrapolation GP, GP
Interior(b) Advance wl', W', i =10,1,2,... PDE interior, interface
Interface(a) Compute [vr, o7, pr] from or (24) projection vr, 01, PI
Interface(b) | Set p§ = pr, P} = pr1, V0 = Uy =v1, 6§ =07 projection wg, Wi
Interface(c) Correct @y, grid and grid velocity from (25) projection ag, G", an
Ghost(a) wh, = Efl)wg, wh, = gfl)v’vg, extrapolation wh,, Wy
Ghost(b) Compute ¥y = (1/p) Doy, . .. from (28) PDE U0, 50, U0, 60
Ghost(c) Compute vy, 65 from (30) projection V1, Or
Ghost(d) Set (1/p)Dod§ = vy, ... from (31) compatibility | -1, 2%, p7q, vy

Figure 4: The FSI time stepping algorithm and interface conditions for the case of a solid domain next to a fluid domain. Here

wi = [pl, v}, p}] and W] = [a},0},51]. The values on the interface are w{}, Wi, while w_1, w_1 denote the values at ghost

points. The values of the solution are assigned in the order given.

for t* > 0. Using the solution to the linearized FSR problem LFSR(po,vo,po;o,d0) (equation 14), for
example, gives the impedance weighted approximation

ZUg + 2V o9 — 0g

vy = — — )
zZ+z zZ+z
_71_ 71 —
Z7 09+ 2 "0p Vo — Vo
01 = """ .0 TS (23)
27t 4z 2T 4+ z

pr = po(pr/po)*/".

Alternatively, we could use the solution of the nonlinear FSR problem, in which case
[p1,v1,p1;501,01) = FSR(po, vo, Po; Vo, 00), (24)

where FSR is defined in Section After obtaining the projected interface values, taken from
or (24), the predicted interface values are reassigned to be oy = vy, 63 = o1, pg = pr1, vy = vy and p§ = pr.

The predicted values for the solid displacement on the interface, g, the grid location, G?, and grid
velocity GP are also projected with an impedance weighted average to obtain the corrected values

iy =uy = ————, G" =uy, C.Tm:UI- (25)

No further iterations are required to determine the interface and grid values.

For smooth solutions, the interface values in are expected to provide a good approximation since the
linearized solution of the FSR problem is a good approximation to the nonlinear solution. Also, the terms
proportional to og — & and vy — ¥y in (23) can be neglected since these are of the order of the mesh spacing
squared for smooth solutions. In this case the projection operators provide an impedance-weighted average
of the predicted interface values. For heavy solids and light fluids, i.e. Z > z, this projection reduces to the
commonly used FSI approach which uses the velocity from the solid and the stress from the fluid (VS/SF),
vy = Do, PI = Po, p1 = po- However, for light solids and heavy fluids, i.e. Z < z, the projection uses the
stress-from-solid /velocity-from-fluid (SS/VF) condition.

For problems with shocks, the simpler impedance-weighted averages do not always provide stable ap-
proximations. The situation of a shock in a heavy fluid hitting the interface with a light solid is particularly
difficult. In this case we find it necessary to use either the interface values in given by the solution of
the nonlinear FSR problem or the interface values in (23) given by the linearized FSR problem and including
the terms proportional to o9 — o and vy — ¥p. Although (24) generally gives slightly better results, we
recommend using the full formulas in (23) as they are easier to implement and give nearly as good results.

4.2.3. Ghost Stage

The third stage of the algorithm assigns the grid values w™; and w”; at ghost points. This may be done
using extrapolation of ghost point values as discussed in [27]. An alternate approach, and the one used here,
involves an extrapolation followed by an update of the ghost values using compatibility conditions at the
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interface derived from the governing equations and interface conditions. We have found this latter approach
to be more accurate and stable (in the sense of pressure and density positivity).
The first step involves an extrapolation, which is based on the third-order formulas

w', = Aiﬁvg = 3wy — 3wy + Wo, W_q = Aiwg = 3wy — 3wy + Wa.

These extrapolations are sufficient to obtain second-order accuracy for smooth solutions. To handle the more
difficult case when shocks may hit the interface, we use a limited extrapolation denoted by

_ 5(3) - 3
w', = Efrl)wg, wW_q = Ssrl)wg, (26)
and described below in Section[4.2.4] We now consider the equations for velocity and stress in (21) evaluated
at the interface, i.e. at T = r = 0. These are
1, o _ 1 5
00 = =050, 0,0 = pc:0z0, o = —=0,p, Oyp = —pa“0,v. (27)
p p
A discretization of the equations in (27) that uses the extrapolated values at the ghost points gives approx-
imations 1 1
—Doo{), 5o = pca Doty o = ——Dopg, 60 = pj(ag)*Dovg, (28)
P Po
where Dov; = (941 — 9—1)/(—2A%) and Dov; = (viy1 — vi—1)/(2Ar) are the centered divided difference
operators, and g, 09, U9 and ¢y are second-order accurate approximations for 9,9, 9,5, v and —dyp,
respectively, at o = rog = 0. (There is a minus sign in the definition of Dy¥; since Z;y1 — Z;—1 = —2AZ.)
We note that the centered difference approximations in (28) are equivalent to some one-sided difference
approximations in view of the extrapolations in (26).
The last step involves a consideration of the interface conditions in (22) for velocity and stress. These
conditions can be differentiated in time to give

8@(5:, t) = 6{(1(7"7 t),
00 (z,t) = —0p(r, ),

Uy =

forr=0and z =0. (29)

We enforce these interface conditions numerically using the projections in (11) and (12) based on the solution
of linearized FSR problem and set
. ZULQ—FZ@O é’o—OL'Q . z- 5’0+Z_ o) 1'10—1;)0
vr = e ; Or="_3, -1 11 1"
zZ+z Z+z ZT 4z ZT +z

(30)

We now use the computed values for vy and &; defined in (30) in the approximations for the governing
equations to give
1- _ ) o= _ . 1 . .
ED()O'S = 0y, pciDov(’)’ =0y, —p—nDopaI = 9y, P (al)?Dovly = &7 (31)
0
The four equations in (31) are solved to update the values of 5_1, ", p™; and v™; at ghost points. For
example, 6" = &}, + (2AZ)poy.

4.2.4. Limited extrapolation

To obtain second-order accuracy on smooth solutions we extrapolate values at ghost points to third
order, as described in Section [4.2.3] To prevent negative densities and pressures for problems with shocks it
is necessary to apply a limiter to the extrapolated values for the fluid variables. In practice it is also necessary
to impose a lower bound on the density (pmin) and pressure (pmin) to prevent these from becoming negative
(for density and pressure fields that are order one in size, we typically use a lower bound of pyin = 107> and
Pmin = 107°). The limited extrapolation procedure we use is similar to the approach described in [22] but
different enough to warrant an explanation here. The limited extrapolation for the fluid pressure blends a
third-order extrapolation and a first-order one, and is defined by

01 =po, 02 =2po—pi, 03 =3po—3p1+ P2, (32)
03 — O
a = min (1, ¢s]0s = 0| ) (33)
03] + | pol| + |p1] + €p
p_1 = (]. — a)53 + ady, (34)
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where €, is a small parameter that prevents division by zero and c; is taken as 2. Note that the indicator
function a should be O(h?) for smooth solutions and O(1) in the presence of discontinuities. The fluid
velocity uses the same limited extrapolation as the pressure. The limited extrapolation for the fluid density
is similar to that for the pressure except that it blends a third-order extrapolation with an even symmetry
condition and (34) takes the form
_ P if 62 < Pmin OT 63 < Pmin,
P (1 —a)ds +ap; otherwise,

where d2, d5 and « follow (32)-(33) but with the pressure replaced by the density. The solid variables use
third-order extrapolation with no limiting.

4.8. Numerical results for the one-dimensional elastic-piston

In this section we present results of numerical simulations of elastic-piston problems in one space dimen-
sion. A code was implemented in MATLAB for this problem and used as a test bed to evaluate different
interface discretization strategies. We find it useful to present these results here in order to more clearly
point to the strengths and weaknesses of the various approaches before moving on to the more complex
overlapping grid case in two dimensions. Note that these one-dimensional results were verified by the full
two-dimensional code, and sample results are presented later in Section [6.1.

We solve the one-dimensional FSI problem for the elastic wave equation coupled to a compressible gas.
The solid reference domain [—1,0] is discretized with N grid points. The fluid domain, which is initially
located on [0,1], is also discretized with N grid points. We use a second-order accurate extension of Go-
dunov’s method that corresponds to the one-dimensional versions of the multi-dimensional schemes outlined
in Section [5.2. The solution algorithm and treatment of the interface follows the time-stepping algorithm
given in Figure 4.

4.8.1. The smoothly receding piston

As a first example, we consider the case of a smoothly receding elastic piston (see Figure[1) whose exact
solution is given in[Appendix Al The initial conditions in the fluid and solid are choosen so that the position
of the interface moves according to a specified smooth function. We choose values G, = 1 and ¢ = 4 in
equation (A.7) giving an interface motion of G(t) = —t*/4. The initial conditions for the fluid are constant
and those for the solid are defined by (A.8). We take v = 1.4, pg = 0.1, po = po/7v, p = rp, A = T,A0, and
i = 1r,p0. The parameter r, is varied to change the relative densities of the fluid and solid while at the same
time keeping the speed of sound in the solid fixed, ¢, = /Ao + 2uo. The ratio of acoustic impedance’s is
z/z2 = 1/(r,/3) ~ .06/7,.

The numerical solution to the receding piston problem is computed on a sequence of grids of increasing
resolution and the errors are computed from the known exact solution. The max-norm error of a fluid or
solid component is defined to be the maximum of the absolute values of the errors for that component. The
relative max-norm error is defined to be the max-norm error divided by the max-norm of the solution values.

Figures (5-7 present the max-norm relative-errors at ¢ = 1.0 for the three cases r, = 107°, 1 and 10°
corresponding to impedance ratios of z/z ~ 1.7 x 107%, 1.7 x 10! and 1.7 x 10%, respectively. These results
were obtained using a time step equal to 0.8 times the maximum value allowed by either the fluid or solid
solvers alone (i.e. we run at a CFL number equal to 0.8). Similiar errors and convergence rates are obtained
for CFL numbers equal to 0.5 and 0.1. The values in the columns titled “r” give the ratio of the error at
the current grid resolution to that of the next coarser grid resolution in the figure. The convergence rate
is estimated from a least squares fit to the logarithm of the errors. These results we obtained using the
linearized approximation (23) to the fluid-solid Riemann problem. Similar errors are obtained using the full
nonlinear FSR solution. The results in the figures indicate that the solution remains stable and second-
order accurate over this wide range of impedance ratios. By comparison, numerical results for this problem
obtained using the classical velocity-from-solid /stress-from-fluid (VS/SF) interface approximation indicate
that the solution seems stable for approximately z/z > 1.5 but becomes unstable for z/z < 1.

4.8.2. The elastic-piston shock tube

As a second example we consider the solution to the elastic shock-tube problem given in Appendix B. A
fluid shock moves from right to left and impacts the elastic solid causing a reflected wave (shock or rarefaction)
in the fluid, and a transmitted p-wave in the solid. This case demonstrates that the interface approximations
remain stable and accurate in the presence of shocks. The initial conditions, corresponding to a Mach 2
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Fluid Solid
grid N p r v r p r U r 0 r [ r
G 20 2.7e-03 2.1e-03 1.3e-03 3.9e-04 1.2e-04 1.6e-04
Gla 40 | 6.1e-04 | 4.5 | 5.2e-04 | 4.1 | 3.1e-04 | 4.2 | 9.7e-05 | 4.1 | 3.4e-05 | 3.6 | 3.2e-05 | 5.2
G3 80 1.4e-04 | 4.2 | 1.1e-04 | 4.5 | 7.9e-05 | 3.9 | 2.4e-05 | 4.1 | 8.5e-06 | 4.0 | 6.9e-06 | 4.6
G4 160 | 3.5e-05 | 4.2 | 3.0e-05 | 3.9 | 2.0e-05 | 4.0 | 5.9e-06 | 4.0 | 2.1e-06 | 4.0 | 1.6e-06 | 4.3
rate 2.10 2.06 2.01 2.02 1.95 2.23

Figure 5: Max-norm errors at ¢t = 1.0 for the smoothly receding elastic-piston, very light solid case, r, = 1075, solid to fluid
impedance ratio z/z = 1.7 x 107%.

Fluid Solid
grid N p r v r P T [ r v r o r
Gt 20 | 1.6e-03 1.3e-03 1.1e-03 2.4e-04 1.2e-05 1.6e-05
Ga 40 | 3.2e-04 | 4.9 | 2.8¢-04 | 4.7 | 2.2e-04 | 5.2 | 5.8¢-05 | 4.0 | 3.0e-06 | 4.0 | 3.9e-06 | 4.1
G3 80 | 6.9e-05 | 4.7 | 4.9e-05 | 5.7 | 4.5e-05 | 4.8 | 1.4e-05 | 4.1 | 7.5e-07 | 4.0 | 9.1e-07 | 4.3
Gy 160 | 1.7e-05 | 4.0 | 1.2e-05 | 4.1 | 1.1e-05 | 4.1 | 3.6e-06 | 4.0 | 1.9e-07 | 3.9 | 2.2e-07 | 4.1
rate 2.17 2.28 2.23 2.02 1.99 2.07

Figure 6: Max-norm relative errors at ¢ = 1.0 for the smoothly receding elastic-piston, medium solid case, r, = 1, solid to fluid
impedance ratio z/z = 1.7 x 10'.

Fluid Solid
grid N p r v r P r u r o r I r
Gt 20 | 1.6e-03 1.3e-03 1.1e-03 2.4e-04 1.7e-05 1.6e-05
Ga 40 | 3.2e-04 | 4.9 | 2.8¢-04 | 4.8 | 2.2e-04 | 5.2 | 5.9e-05 | 4.0 | 4.0e-06 | 4.3 | 3.7e-06 | 4.3
G3 80 | 6.7e-05 | 4.8 | 5.0e-05 | 5.6 | 4.6e-05 | 4.7 | 1.4e-05 | 4.1 | 9.4e-07 | 4.2 | 9.0e-07 | 4.1
Gy 160 | 1.7e-05 | 4.0 | 1.2e-05 | 4.1 | 1.1e-05 | 4.0 | 3.6e-06 | 4.0 | 2.3e-07 | 4.1 | 2.3e-07 | 3.9
rate 2.19 2.28 2.22 2.02 2.07 2.03

Figure 7: Max-norm relative errors at ¢ = 1.0 for the smoothly receding elastic-piston, very heavy solid case, 7, = 10°, solid to
fluid impedance ratio z/z = 1.7 x 10°.

shock in the fluid moving with speed Sy = —2 are [po,vo,po] = [1,0,1/7], [p1,v1,p1] = [8/3,—5/4,45/14]
with v = 1.4 and [vg, 5o] = [0,0] with p = 7,, A = r,Ag, and p = r,u0. The shock is initially located at
xo = .25 and the pressure offset is chosen as p. = pg so that the solid is initially at rest with respect to the
fluid state [po, vo, Po]-

Figures show the computed solutions in the solid and fluid domains for the three cases r, = .01, 1
and 50. For the solid domain the quantities @, v, and 6/z are plotted. Note that v and /% lie directly atop
each other in the plots. For the fluid domain the quantities p, —v and p are shown. By the times shown the
incident shock has interacted with the interface to produce a transmitted traveling discontinuity in the solid
and a reflected wave in the fluid. For the case of a heavy solid, the reflected wave in the fluid is a shock
while for the light solid case it is an expansion fan. The blip in the fluid density at the piston face, especially
noticeable in Figure[10] is a result of the usual wall heating phenomena [30].

Figures [11-113] give the L;-norm relative errors for the three cases r, = 10°,1,1075 corresponding to
2/z~ 6 x 10% 0.6, and 6 x 1075, The expected L; convergence rate for solutions with linear discontinuities
(such as the discontinuous p-wave in the solid solution) is 2/3 [31], and for non-linear discontinuities (such
as the shock in the fluid) is 1. The results in the figures are consistent with these expected rates.

The case of a gas shock hitting a light solid is particularly interesting and challenging. For this case,
we found that it is important to use the full solution of the linearized FSR problem (23) or the solution
of the nonlinear fluid-solid Riemann problem (24) to obtain stable and accurate solutions. In particular, it
was found that the use of the simplified form of the solution of the linear FSR problem (i.e. without the
terms proportional to og — g and vy — ¥p) results in a less robust scheme which generally gives less accurate
solutions.
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Figure 8: Elastic-piston shock tube results at t = 0.4 for the light solid, r, = .01. Left: solid. Right fluid. The interface
approximation uses the solution to the linearized FSR problem. The solid black lines indicate the exact solution.
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Figure 9: Elastic shock tube results at ¢ = 0.5 for the medium solid, r, = 1.. Left: solid. Right fluid. The interface
approximation uses the solution to the linearized FSR problem. The solid black lines indicate the exact solution.
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Figure 10: Elastic-piston shock tube results at ¢ = 0.5 for the heavy solid, r, = 50.. Left: solid. Right fluid. The interface
approximation uses the solution to the linearized FSR problem. The solid black lines indicate the exact solution.

5. The FSI-DCG numerical approach for initial-boundary-value problems

Our numerical approach for the solution of the equations governing an FSI initial-boundary-value problem
is based on the use of composite overlapping grids with locally deforming grids adjacent to the interfaces.
Section 5.1 begins with a brief overview of overlapping grids and then proceeds to a discussion of the
deforming composite grid approach. A more detailed discussion of the overlapping grid approach may be
found in [26, 32, 33], for example. The discretization of the fluid and solid equations on their respective
domains is briefly described in Section[5.2l The extension of the one-dimensional FSI time-stepping algorithm
introduced in Section 4.2 to multiple space dimensions is discussed in Section/[5.3.

14



Fluid Solid
grid N P r v r P T [ r ] r o r
G 20 | 2.2e-02 1.7e-02 2.3e-02 9.5e-03 6.2e-02 3.8e-06
Ga 40 | 1.2e-02 | 1.9 | 8.7e-03 | 1.9 | 1.1e-02 | 2.0 | 5.5e-03 | 1.7 | 3.5e-02 | 1.8 | 2.2e-06 | 1.8
G3 80 | 6.6e-03 | 1.7 | 4.3e-03 | 2.0 | 5.7e-03 | 2.0 | 2.3e-03 | 2.4 | 2.0e-02 | 1.8 | 1.2¢-06 | 1.8
Gy 160 | 3.3e-03 | 2.0 | 2.4e-03 | 1.8 | 2.9e-03 | 1.9 | 1.4e-03 | 1.7 | 1.2e-02 | 1.7 | 7.2e-07 | 1.7
rate 0.91 0.95 0.99 0.96 0.80 0.80

Figure 11: Elastic-piston shock tube convergence results for a very light solid, r, = 10~5; Li-norm relative errors and estimated
convergence rates at t = 0.5.

Fluid Solid
grid N p r v r P T [ r v r o r
Gt 20 | 1.1e-02 4.7e-03 6.5e-03 4.6e-03 4.8e-02 3.6e-02
Ga 40 | 5.4e-03 | 2.0 | 2.8¢-03 | 1.7 | 3.8e-03 | 1.7 | 2.0e-03 | 2.4 | 2.7e-02 | 1.8 | 2.1e-02 | 1.8
G3 80 | 2.7e-03 | 2.0 | 1.5e-03 | 1.9 | 2.0e-03 | 1.9 | 8.3e-04 | 2.4 | 1.6e-02 | 1.7 | 1.2¢-02 | 1.7
Gy 160 | 1.5e-03 | 1.8 | 8.2e-04 | 1.8 | 1.1e-03 | 1.8 | 4.0e-04 | 2.1 | 9.5e-03 | 1.7 | 7.2e-03 | 1.7
rate 0.97 0.85 0.85 1.19 0.77 0.77

Figure 12: Elastic-piston shock tube convergence results for a medium light solid, r, = 1; L1-norm relative errors and estimated
convergence rates at ¢t = 0.5.

Fluid Solid
grid N p r v r P r u r v r I r
[ 20 | 2.7e-02 1.8e-02 1.5e-02 5.2e-03 5.6e-02 5.3e-02
Ga 40 | 1.4e-02 | 1.9 | 1.4e-02 | 1.3 | 7.8e-03 | 1.9 | 1.8e-03 | 2.8 | 3.2e-02 | 1.8 | 3.0e-02 | 1.8
G3 80 | 7.4e-03 | 1.9 | 6.7e-03 | 2.0 | 3.8e-03 | 2.0 | 7.2e-04 | 2.6 | 1.9e-02 | 1.7 | 1.8e-02 | 1.7
Gy 160 | 3.8e-03 | 2.0 | 3.4e-03 | 2.0 | 1.9e-03 | 2.0 | 2.7e-04 | 2.6 | 1.1e-02 | 1.7 | 1.1e-02 | 1.7
rate 0.95 0.82 0.98 1.41 0.77 0.77

Figure 13: Elastic-piston shock tube convergence results for a very heavy solid, r, = 105%; Li-norm relative errors and estimated
convergence rates at t = 0.5.

5.1. Deforming composite grids

In the deforming-composite grid (DCG) approach for multi-domain problems, each fluid or solid domain
is independently discretized with an overlapping grid. An overlapping grid, G, consists of a set of structured
component grids, {G4}, g = 1,..., N, that cover a domain, either Q, or Q, and overlap where the component
grids meet. Typically, boundary-fitted curvilinear grids are used near the boundaries while one or more
background Cartesian grids are used to handle the bulk of the domain. Each component grid is a logically
rectangular, curvilinear grid in ng space dimensions, and is defined by a smooth mapping from parameter
space r (the unit square or cube) to physical space x,

x = Gy(r), r € [0,1]™, x € R™4,

The grid points on a component grid are marked as discretization points (where the governing equations
or boundary conditions are discretized), unused points (points that are not used in the discretization) and
interpolation points. Solution values at interpolation points are generally determined from a tensor-product
Lagrange interpolant in the parameter space of the donor grid. Ghost points are used to facilitate the
discretization of boundary conditions. The classification of grid points into discretization, interpolation and
unused points (grid connectivity) is determined by an overlapping grid generator. We use the Ogen grid
generator [34]. Ogen takes as input a set of overlapping component grids (for one or more domains) along
with a classification of the boundaries of each grid as a physical boundary (including the interface between
fluid and solid domains), an interpolation boundary or a periodic boundary. Unused points are determined
by Ogen using physical boundaries to mark points exterior to the domain following a hole-cutting algorithm.
The remaining points are classified as either discretization points or interpolation points.

In the FSI-DCG approach, component grids next to an interface deform over time to match the interface
motion. This is illustrated in Figure [14] After the points on the interfaces have been evolved from one
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Figure 14: Composite grids at different times from the FSI-DCG simulation a shock hitting two solid elastic cylinders. The
green fluid grids deform over time to follow the fluid-solid interfaces. The blue background Cartesian grid for the fluid remains
fixed. The grids in the solid are shown adjusted for the displacements.

time step to the next, a hyperbolic grid generator is used to regenerate the interface grids. The hyperbolic
grid generator starts from the interface curve (in two dimensions) or interface surface (in three dimensions),
and marches the grid a specified distance into the domain by solving a hyperbolic-like PDE. Hyperbolic
grid generators are a fast and commonly used technique for generating component grids for overlapping
grids , @, @} We use the hyperbolic grid generator from Overture which uses an implicit marching
algorithm to construct the grid. The grids are constructed so as to remain smooth and nearly orthogonal.
(See [38] for further details.)

Our PDE solution algorithms for deforming grids require the grid velocity to be given at each grid point.
In addition, the acceleration of the grid is needed on boundaries to impose compatibility conditions there
(e.g. estimating the normal derivative d,,p at an interface from the momentum equation, see equation
below). The grid velocity and acceleration are determined on deforming grids from a time sequence of these
grids using finite differences in time. The number of grid time levels we save is based on the order of accuracy
of the time discretization. For the computations presented in this paper, we compute the grid velocity and
acceleration to second-order using the latest 4 time levels. We note that the additional storage needed for
the time sequence of grids is not large because this is done only for the narrow deforming grids attached to
the interface.

5.2. Discretization of the fluid and solid governing equations

The numerical approximation of the Euler equations (1) follows the approach described in @] for static
grids and in ] for moving rigid-body grids. The approximation of the equations of linear elasticity for
overlapping grids is described in [E] Since these approximations have been discussed in detail elsewhere,
we provide only a brief discussion of the discretizations here.

The first step in the numerical approach involves an exact mapping of the equations from physical space
to computational space. For the Euler equations, consider a mapping for a (possibly moving) component
grid given by x = G(r,t). Following the work in @], the mapped equations are

1 w

where J = |x,| is the Jacobian of the mapping, F is the mapped flux tensor, and V is related to the grid
velocity G. In particular, the vector components of F and the scalar components of V are given by

"d or; d or; - .
F, = (J;axjfj)—viw, sz;a—%GJ—, i=1,... nq. (36)

The term in (35) involving the mapped flux with components F; describes the flow of the conserved quantity
w across fixed curves r; = constant, while the dilatation term involving the velocity V describes the change
of w due to the compression or expansion of the grid. As noted in ], the dilatation term is identically
zero for the rigid-body motions (translations and rotations) considered in that work. For the current work,
the fluid grids attached to interfaces deform as they evolve in time and thus the dilatation term is not zero
in general.
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The numerical approximation of the mapped equation employs a second-order extension of Godunov’s
method. A Roe-type approximate Riemann solver is used (other Riemann solvers are also available) to
compute the mapped fluxes. Slope-limited updates of the left and right input states to the Riemann solver
are used to obtain second-order accuracy (for smooth regions of flow). Centered differences are used to
approximate the dilatation term. The scheme is adjusted to ensure free-stream preservation, including the
case of deforming grids. Further details may be found in [29] and [22].

For the solid, we consider the governing equations in (2) written in the form

where w = [1, v, 5]7 is a state variable containing the components of displacement, velocity and stress, and
the vector components of f are given by f, = Aw. Here, A; are coefficient matrices whose components
depend on the density of the solid p and on the Lamé parameters A and p. For a component grid defined by
the (static) mapping %X = G(r), equation (37) becomes

1 _
0w + =V F =0, (38)

where J = |%,| is the Jacobian of the mapping (similar to before) and the vector components of F are given
by

ng —
= _ 87"1» .
Fi:JCZ'W, CZ:J_E:LT‘IJAJ, Z:].,...,'rld.

Our numerical approach for solving the mapped equations in (38) uses a second-order (Godunov-based)
upwind scheme. The approach is similar to that discussed in [19] except that a stress-strain relaxation term
is added to the evolution equation for the stress in (2, giving the modified stress equation

9,6 = S(Vxv) — B(e — S(Vxu)). (39)

Recall that & = S(Vgu) is the stress-strain relationship as defined in Section[3] The quantity S(Vxu) in
is discretized using fourth-order centered differences while the parameter (3 is taken to be proportional to the
reciprocal of the time step, B = (/At. At the continuous level, the stress-strain relaxation term is identically
zero. However, at the discrete level, this term helps to ensure that the stress-strain relation remains nearly
satisfied even for long-time integrations. In general, we observe that the numerical errors in the components
of stress are reduced when the stress-strain relaxation term is used. The numerical approximation for the
elasticity equations is adjusted to ensure free-stream preservation. The overall FSI-DCG approximation is
also free-stream preserving.

5.8. Multi-domain time-stepping algorithm

We use a strongly coupled partitioned approach to time step the numerical solutions on the fluid and solid
domains. There is a separate fluid dynamics domain solver (Cgcns) for each fluid domain and a separate
solid mechanics domain solver (Cgsm) for each solid domain. Thus, if there is one fluid domain and two solid
domains (as in Figure[I4), then there will be one instance of Cgens and two instances of Cgsm. As a result of
this separation, each fluid or solid in its respective domain may have independent material parameters and
constitutive laws. We note also that the geometry of any given domain does not need to be simply connected
and thus a single domain may consist of, and a single domain solver can be used for, multiple disjoint regions
if desired. A multi-physics control program (Cgmp) manages the multi-domain time stepping. At each time
step, Cgmp calls the separate domain solvers to advance the solutions in their respective domains. Cgmp
also manages the communication of interface data between the domain solvers and manages the assignment
of the interface conditions.

In Section [4.2 we presented our FSI-DCG time-stepping algorithm in detail for the one-dimensional
elastic-piston problem. The goal here is to describe an extension of this algorithm to the more general
multi-dimensional, multi-domain case.

A major change for the multi-dimensional FSI-DCG algorithm is the need to call the hyperbolic grid
generator and overlapping grid generator to update the mesh as the geometry evolves. This additional step
is required in the Interior(a) stage of the algorithm in Figure[4l Given the predicted values for the points
on an interface, a curve is fit to these points (we use a cubic-spline or NURBS curve). This interface curve
is used as the starting curve for the hyperbolic grid generator which marches a given number of steps into
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the domain to define a grid near the interface at the new time. In this approach only the grid points on
the interface are directly evolved in time. We note, however, that there are many other possible schemes
that could be used for regenerating the deformed grid. For example, all of the grid points belonging to a
deforming grid could be evolved using some appropriate evolution equations. We have not attempted this
approach here although it might be useful in general. Once the new interface grids have been determined, the
overlapping grid generator, Ogen, is called to update the grid connectivity. It is important to note that since
the governing equations (35)-(36) for the fluid are solved in conservation form in a coordinate system that
moves with the grid, it is not necessary to remap (interpolate) the solution from the deformed grid at the old
time to that at the new time, thus avoiding a potentially expensive remapping step. The solution values on
the new grid are automatically determined in a conservative fashion through the equations (35)-(36) which
take into account the motion and deformation of an evolving fluid grid cell. In contrast, many ALE schemes
perform one or more Lagrange steps (when the grid follows the fluid trajectories) followed by an Eulerian
remap step where the solution from the Lagrange steps must be remapped (interpolated) to a new (usually
better quality) grid.

At the Interior(b) stage of the FSI-DCG algorithm in Figure[4] the values for wi* and W' are computed at
all grid points in the interior and on the interface of each fluid and solid domain. For the multi-dimensional
case, this is done using discretizations of the governing equations in (35) and (38). The calculation of the
projected values [vr, o7, ps] listed in the Interface(a) stage of the figure is done using the previous formulas
for the one-dimensional case, but with v and o re-interpreted as n - v and n - o - n, respectively, for the
multi-dimensional case. The tangential component of the traction on the interface, n- o - 7, is zero from (3)
since the fluid is inviscid and only supports a stress on the interface in the normal direction due to the fluid
pressure. These projected values of velocity, stress and density are used in the Interface(b) stage to update
the appropriate components of the corresponding grid values in the fluid and the solid on the interface. In
the multi-dimensional case we do not project the interface positions as in (25) but instead take the interface
location determined by the solid for simplicity. This alternate approach does not present any difficulties since
the displacement on the interface is determined from the time integral of the projected interface velocity.

The remaining stages of the FSI-DCG algorithm involve setting ghost points near the interface for the
grids representing the fluid and solid domains. This is done following the stages listed in Figure [4] but
with some modifications needed to handle the governing equation in multiple space dimensions given in
and (38). For example, ghost points are extrapolated along the coordinate line that extends into the interior,
using the limited extrapolation described in Section [4.2.4. Another modification involves the use of the
interior equations on the boundary to determine values at ghost points (27)). In multiple space dimensions
the normal component of the momentum equation for the fluid is

n'vt—i—n'((v-V)v)—i—%g—z:O. (40)
The interface condition on the velocity is
n(x,t) - v(x,t) = vr(x,t), forx € 7,
and taking the time derivative of this last equation gives
n-vy=197 —1n; V. (41)

Using in gives the equation used to determine the pressure at the ghost points,

%:fp(i)]fn,varn-((v-V)v)), for x € . (42)
This equation is a multi-dimensional version of the one for 9;v in (27). The normal derivative of the pressure
in is seen to depend on terms involving the acceleration of the interface in the normal direction, a
rotational acceleration, and an acceleration due to curvature effects. The latter two terms are extensions
for the multi-dimensional case. We note that the rotational acceleration term n; - v in was missing
in the compatibility boundary condition given in [22]. We also note that while the normal components
of the equations, such as (40), are used on the interface to determined ghost point values, the tangential
components of these same equations have also been applied on the interface when the interior equations were
advanced in stage Interior(a).
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6. Numerical results

In this section we verify the accuracy and stability of the full FSI-DCG scheme for a number of steady
and unsteady problems in two space dimensions. We begin in Section [6.1 by revisiting the elastic piston
problem, but now we solve the problem on a two-dimensional domain. The results of this problem can
be compared with the corresponding ones in Section [4.3 obtained using the MATLAB test code. Next,
we consider the superseismic shock problem in Section [6.2. This problem has been considered by others
as a verification test (see [8] and [39] for example), and the results computed here are compared with an
exact similarity solution. In Section 6.3] a new deforming diffuser problem is described. This problem
consists of a compressible gas flowing in a deformable expanding channel. A semi-analytical solution may
be found for this smooth steady flow, and then used to demonstrate second-order accuracy in the max-norm
for the full two-dimensional FSI-DCG approach. In Section [6.4, we show numerical results for an elastic
shock hitting a fluid-filled cylindrical cavity. The solution of this problem is computed for a wide range of
density (impedance) ratios, thus demonstrating the robust nature of our interface approximations in two
dimensions. Finally, we consider the problem of a shock hitting two deformable sticks in Section This
problem illustrates, for a more complex problem, the ability of the FSI-DCG approach to treat problems
with large displacements while retaining high quality grids. We note that all simulations to follow use the
linearized approximation (23) to the fluid-solid Riemann problem.

6.1. The two-dimensional elastic piston

The elastic piston problem presented in Section [4 is solved using the FSI-DCG approach in two space
dimensions. We consider a solid reference domain on [—1,0] x [0, 1] and a fluid domain initially on [0, 1.5] x
[0,1]. The composite grid for the domain is denoted by gég}, where j denotes the grid resolution. The
grid spacing in the z-direction is chosen to be Azl) = 1/(105). The spacing in the y-direction is held
fixed at Ay = 2/10. The composite grid Qg,) consists of a static rectangular grid R for the solid domain
[—1,0] x [0,1], a static background rectangular grid Ry on [—.75,1.5] x [0,1] for the fluid along with a
deforming hyperbolic grid of normal width 0.5 next to the interface. The fluid domain is represented by the
hyperbolic grid and the background grid which overlap where they meet. Figure [15/shows the grid g§§> at
two times during a calculation in which the interface moves to the left. At each time step, the fluid interface
moves and the hyperbolic grid generator is called to regenerate the deforming grid near the fluid interface.
The grid for the solid is static, but is shown adjusted for displacement in the figure.

r=—1 z =0 r=1.5
solid il S fluid t=0
N
\\\
N
\\\
interface [ interpolation
//’
/”’
//
/””
A t=1
1
r = —2.73 xr = —.25 xr=1.5

Figure 15: The composite grid géf,) for the two-dimensional elastic piston problem at times ¢ = 0 (top) and ¢ = 1 (bottom).
The fluid domain is covered by a blue background grid and green grid that follows the interface. The red grid for the solid
domain is shown adjusted for the displacement.

As a representative calculation, we consider the case of a smoothly receding interface whose solution is

given in [Appendix A| We take the parameters v = 1.4, po = 0.1, po = po/v, p =1, A =1, p = 1, and
choose ¢ = 4 in the definition (A.7) of the position of the interface. Note the impedance values pc, = V3

and ppag = 0.1. Initial conditions are taken from the exact solution. In addition, fluid grids at time ¢t = —At
and —2At are provided as part of the initial conditions so that the initial grid velocities and boundary
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accelerations can be computed accurately using finite differences in time following the approach described in
Section[5.1. Max-norm errors at ¢t = 0.7 are computed for a sequence of grid resolutions and the results are
given in Figure[16. (The max-norm error of a vector grid function such as vj, denoted by 5‘(,00), is defined
as the maximum error over all active grid points and all components of the vector.) The max-norm errors
are seen to converge at close to second-order accuracy.

Fluid Solid
Grid 5500) r 85,00) r 8;00) r Séoo) T Séoo) T Sc(j_oo) r
g | 3.7e5 4.00-4 2.50-4 4.4e-5 2.8¢-5 1.26-5

G® | 806 | 47 ] 80e5 | 49 | 49e5 | 51 | 1.2e5 | 3.6 | 5.606 | 4.9 | 7.5e-6 | 5.7
U6 12266 | 3.6 | 2.2e-5 | 3.6 | 1.0e5 | 4.9 | 3206 | 3.8 | 1.2¢6 | 4.8 | 1.4e6 | 5.4
G5B [ 5967 | 3.8 | 5906 | 3.8 | 2.2¢6 | 4.6 | 827 | 3.9 | 2.6e-7 | 4.6 | 3.1e7 | 45
rate 1.99 2.01 2.27 1.91 2.25 2.37

Figure 16: Two-dimensional elastic piston. Max-norm errors at t = 0.7 for a smoothly receding piston.

6.2. The superseismic shock

The superseismic-shock problem consists of a shock in a gas that travels at an oblique angle to a planar
solid surface. The elevated pressure behind the shock causes the solid to deflect and generate traveling
p-wave and s-wave “shocks” in the solid. The flow is steady in a reference frame attached to the junction of
the fluid shock and the p- and s-wave shocks in the solid, and an exact similarity solution may be constructed
analytically (see|Appendix C). Figure[17]illustrates one solution configuration in the reference frame fixed
with the pre-shocked solid. In this reference frame, the junction of the shocks propagates to the right at a

Y. shock

p-wave

Figure 17: Flow structure for the superseismic shock problem showing the fluid shock, solid p-wave, solid s-wave and the
fluid-solid interface. The pattern propagates to the right at speed S.

speed S. For the fluid, we let w® = [p° v?,09,p°] and w! = [p!,v], v, p!] denote the states ahead of and
behind the shock, respectively. For the solid, let w* = [ﬁk, vk, 6"“], k =0,1,2, denote the state ahead of the
p-wave (k = 0), the state between the p- and s-waves (k = 1), and the state behind the s-wave (k = 2). A
slip between the fluid and solid velocities in the upstream state is allowed so that v need not be zero. This
upstream slip is introduced in order to produce a solution with no slip in the post-shock region. We have
found that a strong slip in the post-shock region can enhance the growth of physical interface instabilities
and cause the formation of small Scholte waves (a Scholte wave [40] is a wave that travels along the interface
between a solid and a fluid) and thus we consider a solution with no post-shock slip in order to avoid the
appearance of such waves.

We consider an exact solution of the superseismic-shock problem for a fluid with v = 1.4 and initial state
(%, 09,09, p°] = [0.1,—1.812303,0,0.02], and for a solid with parameters [, A, u] = [5,1,.5] and zero initial
state w¥ = [@°,v?,5°) = 0. When the shock junction moves with speed S = .7, the shock angle is found to
be £ = .05894547 (to the number of digits shown). From these parameters, the solution values for the other
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fluid and solid states can be computed directly using the formulae in Appendix C. For reference we provide
these values here (to 4 significant figures). The post-shock fluid state is

[p', vi,vd, pt] = 4908, .1811, —.1176, .5208).

The solid states are given by

' = —a,(k? - x —cpt)al, w?=u'—ay(Kk® x—cit)a, (43)
vl = aycpal, v? =v! 4+ a,c.a’ (44)
with ¢, = .6325, ¢, = .3162, o, = .3736, o, = —.1146, k? = aP = [.9035, —.4286], k° = [.4518, —.8921]
(a® = [—k3, K5]). The solid stress states &' and &2 can be computed from the corresponding displacement

states (43) using the stress-strain relationship. The interface deflection angle is § = .2230 while the p- and
s-wave angles are 1, = .4429 and 1 = 1.102, respectively.
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Figure 18: The overlapping grid géﬁ? for the superseismic shock problem. The grid is shown at times t = 0 and ¢t = 1. The
overlapping grid for the fluid domain consists of the blue, green and cyan grids. The green interface grid deforms to match the
interface. The blue and cyan grids are static. The red grid for the solid domain is shown adjusted for the displacement.

Numerical solutions to the superseismic problem may be obtained using the FSI-DCG approach. This is
done by performing computations in the reference frame fixed with the pre-shock solid as shown in Figure[17.
The composite grid for this calculation is denoted by ggi), where j denotes the grid resolution with grid
spacing equal to As\¥) = 1/(105) approximately. The grid G is shown in Figure[18/at t = 0 and ¢t = 1.
The grid at ¢t = 0 is constructed based on the initial state given by the exact solution, while the grid at ¢t =1
is determined by the numerical solution at that time. The overlapping grid for the fluid domain consists
of three component grids. A blue background Cartesian grid for the rectangle [—1,1] x [—.35,.5], a green
hyperbolic grid of normal width 5As() adjacent to the interface, and a cyan hyperbolic grid with normal
width 7As) adjacent to the end curve C.. The green hyperbolic grid deforms with the interface as the
solution evolves in time, whereas the other two fluid grids are static. Grid points on these latter two static
grids near the overlap with the deforming grid become exposed in time as the interface deflects downward.
The end curve x = C.(s) is a straight line that follows the exact motion of the material interface point E(t)
shown in Figure[18] As time evolves, E(¢) moves downward and to the right as the interface deflects. The
grid for the reference solid domain consists of the red Cartesian grid for the rectangle [—1,1] x [-.5,.0]. The
solid grid shown in the figure is adjusted for the computed displacement.

The numerical calculation requires initial conditions and boundary conditions. Initial conditions for the
fluid and solid domains are taken from the exact solution. In addition, the fluid grids at time ¢ = —At and
—2At are provided as part of the exact initial conditions so that the initial grid velocities and boundary
accelerations can be accurately computed using finite differences in time following the approach described in
Section 5.1l The conditions at the fluid-solid interface are computed using the FSI-DCG approach, whereas
the boundary conditions on the perimeter of the fluid and solid domains are taken as Dirichlet conditions
using the exact solution in time.

Figure 19 shows shaded contours of the solution to the superseismic shock problem at ¢t = 1 computed
using the grid G{&Y. (This grid with As(®%) = 1/640 has a total of about 1.1 x 106 grid points.) The numerical
solution in the solid is shown in the deformed space x = x 4+ . Note that the s-wave angle n, = 1.102 in
the undeformed space becomes 7; = .8947 in the deformed space. The shock in the fluid, the p- and s-wave
shocks in the solid, and the fluid-solid interface are clearly visible in the shaded contour plot. Also evident
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are usual artifacts in the fluid density that are due to the initial conditions and a slight mismatch between the
solution and exact boundary condition at the upper wall, together with small reflections in the solid where
the p-wave intersects the lower boundary. Figure [20] presents the discrete Li-norm errors and estimated
convergence rates for a sequence of grids of increasing resolution. The discrete L,-norm for a grid function
vj is defined in terms of the solution values at all active grid points divided by the total number of active
points, N,

1 1/p
||vi||p = [NZ'MP] .

For the error in (possibly) vector and matrix-valued grid functions, we take the error to be the maximum,
over all components, of the Li-norm errors of the individual components, for example

e = max {JJurs — vl flozi — o541},

where v1; and vy are the two components of the vector-valued grid function v;j, and the corresponding
quantities with superscript e are the exact values on the grid. For the solid domain, the estimated L;-
norm convergence rates are close to the expected values of 4/3 for Eél), and of 2/3 for 5‘—(,1) and Sél). The
convergence rates for the fluid variables (8,21), 5‘(,1),57(«1)) are all equal to 1 approximately. A convergence
rate of 1 would be the expected rate for the computation of an isolated fluid shock and indicates that the
slower convergence rate of S\E,l) and Sél) in the solid does not seem to degrade the convergence rate of the
fluid variables. This is not so surprising given that the errors are largest at the solution discontinuities and

not at the interface.

interface

Figure 19: The superseismic shock solution computed on grid 9254) showing contours at t = 1.0 of the density, p, in the fluid
domain and the vertical velocity, U2, in the solid domain.

Solid Fluid
Grid | P [ r [ D T e[ [ v [ P [P T el |
@1 8 90-4 6.4¢-3 1.8¢-2 5.9¢-3 3.80-2 1.26-2

® 13242839316 1.1e2 | 1.6 | 29¢-3 | 20 | 1.7e2 | 2.2 | 6.7¢-3 | 1.8
9 1 1404 | 24 | 2463 | 1.7 | 673 | 1.7 | 1.6e-3 | 1.9 | 8.6e-3 | 2.0 | 3.7¢-3 | 1.8
G2 1 67e5 | 2.0 | 1.4e-3 | 1.6 | 4.1e-3 | 1.6 | 8.2e-4 | 1.9 | 4.3e-3 | 2.0 | 1.9¢-3 | 1.9
rate | 1.24 0.72 0.72 0.94 1.03 0.88

Figure 20: Superseismic shock convergence results. Discrete Li-norm errors at ¢ = 1.0.

6.3. The deforming diffuser

The deforming diffuser problem consists of a steady supersonic flow in a deformable expanding channel.
We consider the flow in the vicinity of the lower wall of the channel as illustrated in Figure 21. The shape
of the deformable wall is determined by a balance between the fluid pressure and the stresses in the solid.
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Ideally, the problem would be defined on a semi-infinite domain, but side boundaries are introduced for
numerical convenience as shown in the figure. The geometry of the problem can be arranged so that the
solution remains smooth with no shocks in the fluid domain and no corner-singularities in the solid. It is
also possible to obtain a semi-analytical solution of the steady problem, and thus this solution can be used
to check whether the computed FSI-DCG solution is second-order accurate in the max-norm for smooth

two-dimensional flow.
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Figure 21: The geometry and boundary conditions for the deforming diffuser F'SI problem. The right-angles indicated in the
solid domain apply to the undeformed reference state.

We start by defining the geometry of the problem with reference to Figure 21 and later provide the
actual values for the geometrical parameters that are used for the numerical results. Let y = F(z) denote
the deformed shape of the wall for which the fluid and solid tractions balance exactly, and let § = Fo(Z)
denote the shape of the wall in the reference (un-deformed) solid. The reference domain Q for the solid is
thus bounded on the top by the curve §j = Fy(%), € [0,1]. The sides of Q are straight lines which meet the
two ends of the reference curve jj = Fy(Z) at right angles. The bottom boundary of Q is defined by the cubic
Hermite polynomial § = By(Z) that passes through the points (0,y,) and (z.,y.) and meets the adjacent
sides at right angles. The solid reference domain is chosen so that all corners are right angles. This, together
with the choice of boundary conditions given below, means that potential corner singularities in the solid
solution are avoided.

The fluid domain 2 is bounded by straight lines on the left and top and by y = F(x) on the bottom. The
boundary curve on the right-hand side of €2 is defined as a smoothed version of the piecewise linear curve
that joins the three points (1, F(1)), (z4,ve) and (24, yaq), where y. = F(1) — (x4 — 1)/F'(1). The smoothed
curve is defined using the integral of hyperbolic tangent functions (see [41] for full details). We call this
smooth (C°°) representation of a piecewise linear curve a smoothed polygon. The choice of this boundary
curve is not particularly important since it does not significantly affect the results, provided the curve is
sufficiently smooth.

The boundary conditions on the solid are taken as slip-wall on the left and right, and a displacement
boundary condition (uw = 0) on the bottom. The boundary conditions on the fluid are taken as steady
supersonic inflow on the left with (p, u,v,p) = (po,u0,0,p0) (all variables given), supersonic inflow on the
top (all variables set to the exact solution), and supersonic outflow on the right (all variables extrapolated
to second order). The interface conditions in (3) are imposed on the expanding wall, y = F(z).

A semi-analytic solution to the deforming diffuser problem can be determined as follows. Given the fluid
inflow conditions (pg, ug,0,po) and (the to be determined) interface curve, y = F(z), the solution in the
fluid domain can by found using the method of characteristics and the well-known Prandtl-Meyer function
(see for example [22] or [28] for further details). In particular, this solution gives an analytic expression for
the fluid pressure on the interface as a function of the interface shape which we denote by p = P(z, F(z)).
This relationship between the fluid pressure and the shape of the interface provides a nonlinear boundary
condition for the solid in . This boundary condition is

A(X) - 5(%) = —(P(X + @, F(X + 1)) — po)n(X + 1), for X = (z,Fo(z)) with z € (0,1).  (45)
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Here n is the normal to the solid reference domain (i.e. the normal to the curve § = Fo(Z)) while n(x+ 1) is
the normal to the deformed fluid domain (i.e. the normal to the curve y = F(x)). We now have a well-defined
problem for the solid in Q consisting of the equations of steady elasticity with the boundary condition in (45)
on § = Fo(Z) and the boundary conditions shown in Figure 2I]on the remaining sides.

The boundary-value problem defined for the solid is solved numerically for the components of displacement
using a second-order accurate (centered) finite-difference scheme. The equations are nonlinear due to the
boundary condition in (45), and a method of iteration is needed to solve them. Using a provisional choice for
the shape of the interface in (45), the (linear) equations can be solved for the components of displacement,
which are then used to update the shape of the interface. Repeating this procedure defines a simple fixed-
point iteration which converges rapidly. The converged solution for the solid gives a discrete approximation
for the interface curve, y = F(x), and this curve, in turn, specifies the solution in the fluid domain. We solve
the boundary-value problem for the solid on a grid with 1280 x 512 points. This fine-grid solution for the
solid domain, together with the analytic Prandtl-Meyer solution in the fluid domain, is taken as the exact
solution of the deforming diffuser problem.
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Figure 22: Left: Composite grid gc(l‘c‘} for the deforming diffuser problem showing the deformed grid in the lower solid domain.

Right: computed solution on grid ggff) showing contours of the fluid pressure and norm of the solid stress tensor.

We now define the actual geometry and parameters used in the numerical computations. The reference
(un-deformed) interface curve is taken as

_ _ mo+my ,_ mip —m _
7= Fo(z) = % (Z —x0) + 170 log(2 cosh(B(Z — x0))) (46)
for 0 < ¥ < 1, where the initial and final slopes are myg = 0 and m; = —0.2, respectively, and xzg = .5

and # = 10.0. The thickness of the solid domain is taken to be hy = 0.4 which we use to define y, = —hs,
e = 1 +mahs/y/1+m? and y. = Fo(1) — hs/y/1 +m?. The parameters that define the vertices of the
fluid domain are taken to be y, = 0.5, x4 = 1.075 and y4 = 0.5. The parameters that define the gas flowing
into the fluid domain are pyg = 1.4, up = 2, po = 1 and v = 1.4, which corresponds to a supersonic flow with
Mach number equal to 2. For the solid we use p = A = p = 10.

The composite grid for the deforming diffuser FSI problem is shown in Figure 22. Let G denote the
composite grid of resolution factor j which has a grid spacing approximately equal to As(dﬁ = 1/(10j).
The grid for the solid domain is defined by linear transfinite interpolation between the top and bottom
boundary curves for Q. The overlapping grid for the fluid domain consists of three component grids: a
(deforming) hyperbolic grid with fixed normal distance of 0.1 for the region next to the interface, a (static)
smoothed-polygon grid of normal distance 0.1 for the right end, and a (static) background Cartesian grid.
The hyperbolic grid is generated with the hyperbolic grid generator as discussed Section[5.3] The smoothed-
polygon grid is determined by extending normals from the (previously defined) smoothed-polygon curve for
the right boundary.
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The initial conditions for the computations are taken from the exact (semi-analytic) solution and we
integrate the equations to t = 1. Note that time-dependent equations are solved in both the fluid and solid
domains using our FSI-DCG approach, and no attempt is made to integrate to within a (small) specified
tolerance of steady state as this could take an impractically long time. Figure 22/ shows shaded contours of
the computed solution at ¢ = 1 on grid gl(1}16)- The pressure of the gas decreases as it expands around the
wall, and the straight contour lines indicate a simple-wave solution in agreement with the exact solution.
The decreased pressure in the gas downstream of the bend in the wall results in an upward deflection of the
fluid-solid interface. This upward deflection from the undeformed reference state creates a non-zero stress
field in the solid as shown in the figure.

The maximum errors at ¢ = 1 are given in Figures [23 and [24 for two cases. The high-order Godunov
based method for the fluid domain has a slope-limiter which can locally reduce the order of accuracy of the
scheme in certain situations, and we present results with the limiter turned off and on. Figure 24] gives the
max-norm convergence rates for the case when the slope-limiter is turned off. We note that the convergence
rates are close to 2 for all of the fluid variables. The convergence rates for the velocity and stress in the
solid are also 2, approximately, while the displacement appears to be converging at a rate somewhat higher
than 2. Figure[24/shows the convergence rates when the slope-limiter is turned on, and the results indicate a
lower rate of convergence for the fluid variables as expected. More refined studies of the fluid domain alone
indicate a likely convergence rate of 4/3 instead of 2 when the slope-limiter is on.

Solid Fluid
Grid :Séoo) r Séoc) r géoo) r £,§°°) r E\(,OQ) r Sj(ﬂoo) r
G2 | 1.6c4 2.8¢-4 2.9¢-2 3.4e-2 2.1e-2 7.0e-3
G\ | 335 | 48[ 11ed | 26 | 89c-3 | 33 [ 8.6e-3 [ 3.9 | 6.3e3 | 34 | 1.9¢-3 | 3.8

G | 5606 | 5.9 | 2.8¢5 | 3.9 | 1.8e-3 | 5.0 | 2.2¢-3 | 3.8 | 2.1e-3 | 3.0 | 5.9e-4 | 3.2
GU9 1 9407 | 59 | 6.8¢-6 | 4.1 | 3.50-4 | 5.0 | 5.8c-4 | 3.8 | 4.7c-4 | 4.4 | 1.30-4 | 4.4
rate | 2.48 1.81 2.14 1.95 1.81 1.88

Figure 23: Deforming diffuser convergence results. Maximum-norm errors at ¢ = 1.0 with the slope-limiter turned off in the
fluid solver.

Solid Fluid
Grid €éoo) r Séoo) r 8,(500) r £,§°°> r S\(,OO) r 57("00) r
g2 | 11ea 2.4e-4 3.0¢-2 4.3¢-2 2.7¢-2 8.8¢-3
G 1325 |34 7605 | 31956332 1.7e2 | 25 | 1.1e2 | 2.5 | 3.5e-3 | 2.5
G | 81e-6 | 4.0 | 27e5 | 2.8 | 2103 | 4.5 | 6.4e-3 | 2.7 | 4.2e3 | 25 | 1.3-3 | 2.7
GUY [ 14e-6 | 6.0 | 7.7e6 | 3.6 | 5.2e-4 | 41 | 2163 [ 3.1 | 1.3e-3 | 3.3 | 4.2e-4 | 3.1
rate | 2.09 1.64 1.98 1.46 1.45 1.46

Figure 24: Deforming diffuser convergence results. Maximum-norm errors at ¢ = 1.0 with the slope-limiter turned on in the
fluid solver. The use of the slope-limiter reduces the convergence rates compared to the results with no limiter in Figure[23.

6.4. An elastic shock impacting a deformable fluid cylinder

The computations in this section evaluate the behavior of the FSI-DCG scheme for the simulation of an
elastic shock impacting a fluid-filled deformable cylinder. The computation is performed for three different
values of the solid density to demonstrate the stability of the interface approximation based on the fluid-
solid Riemann problem for a range of impedance ratios and for a fully two-dimensional problem. The
geometry of the problem, as shown in Figure[25] consists of a fluid-filled cylindrical cavity inside of a solid
square. The cavity is centered at the origin and has a radius equal to 1, while the solid square is located
on [—2.5,2.5] x [-2.5,2.5]. An elastic p-wave shock, initially at x = —1.5, travels from left to right, and
the fluid inside the cavity is uniform initially. The boundary conditions for the solid are taken as Dirichlet
on the left (all variables set to the traveling p-wave solution), slip walls on the top and bottom, and a
displacement boundary on the right (n = 0). The interface conditions in (3) are applied at the fluid-solid
interface. We note that fluid-solid interfaces can experience Rayleigh-Taylor like instabilities when a light
material accelerates a heavy material [42, 43]. For the case considered here we choose a relatively weak
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elastic shock and integrate over a moderate time interval in order to avoid issues with the growth of true
physical instabilities.

2.5

solid

—— p-wave shock

—2.5

—2.5 2.5

Figure 25: Left: geometry for the simulation of an elastic shock impacting a deforming fluid cylinder. Right: the composite

grid Qé? showing the two solid grids and the two fluid grids.

Let gé? denote the composite grid for the deforming cylinder problem with grid spacing approximately
equal to AsU) = 1/(105), see Figure|25, The outer solid domain is covered by a Cartesian grid on the square
[—2.5,2.5] x [~2.5,2.5] and a (static) hyperbolic grid of width 4As¥) next to the interface. The inner fluid
domain is covered by a Cartesian grid for the square [—1.5,1.5] x [—1.5,1.5] and a (deformable) hyperbolic
grid of width 4AsU) adjacent the interface.

The material parameters for the solid are p = A = u = p,, where p, is the initial solid-fluid density
ratio, taken to be p, = 0.1, 1 and 10 for the three cases considered. The initial conditions for the solid
are taken as a traveling p-wave shock propagating in the positive z-direction. The elastic shock is described
by (C.6)—(C.8) with k? = [1,0]”, o, = 0.1 and a5 = 0, but then shifted so that the jump lies at z = —1.5
initially. The fluid is initially at rest with p =1 and p = 1/, where v = 1.4.

Figures [26-28] show shaded contours of the stress-norm || = /3 + 267, + 02, in the solid and p in
the fluid for the three cases at times ¢t = 0, 0.5 and 1.0. The solutions shown in the figure were computed on

the grid Qc(l?f) which has a total of 3.5 x 10 grid points approximately. Since the wave speeds in the solid
are the same for all three cases, the incident p-wave travels the same distance for each case. The outermost
reflected wave in the solid is a p-wave, which is clearly visible for each case, while there is a reflected s-wave
lagging behind. This s-wave is most easily seen in the plots for p, = 1 and 10. For the light-solid case, the
interaction of the p-wave in the solid with the heavier fluid in the cavity generates small-amplitude acoustic
waves in the fluid (as indicated by the small range of density represented by the colorbar). The cavity itself
suffers only a small deflection as a result of the interaction. For the medium-solid and heavy-solid cases,
the interaction with the fluid-filled cavity is stronger leading to the formation of a shock in the fluid. The
compression of the cavity and the elevated pressure behind the shock lead to a lateral bulging of the cavity
and an increase in stress in the solid in the vicinity of lateral sides of the cavity. This is seen most clearly in
the heavy-solid case at t = 1.5.

It is worth noting that computations of the low and medium-density solid cases, p,, = 0.1 and p, = 1, both
fail due to numerical instabilities when the standard velocity-from-solid /stress-from-fluid interface approach
is used. In contrast, the calculations presented here use the interface approximation based on the fluid-solid
Riemann problem and no numerical instability is observed.

To estimate the accuracy of the computed solution, we solve the problem on a sequence of grids of
increasing resolution. Given solutions on three grids of increasing resolution, a posteriori estimates of the
error and convergence rates can be computed using the procedure described in @] Estimated L;-norm
errors and convergence rates are given in Figure[29 for the medium-density solid case p, = 1 (similar results
are obtained for the light and heavy cases). The rates are computed using the grids géi), ggi) and ggi“).
Having the last grid significantly finer than the previous grids generally provides better estimated convergence
rates for wave propagation problems with linear discontinuities in which solutions converge slowly, as is the
case here. As seen from the figure, convergence rates of approximately 0.7 for S‘E,l) and 5,;1) are reasonably
close to the expected value of 2/3. The convergence rates for the fluid variables of approximately 0.87 are
somewhat less than the expected value of 1 for an isolated fluid calculation, but this is not unexpected here
given that the fluid solution is strongly driven by the shocks in the solid which are converging at a rate
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Figure 26: An elastic shock hitting a fluid filled deformable cylinder showing the density, p, in the fluid domain and the norm
of the solid stress, |&|, in the solid domain. Results are shown for the light solid, p, = 0.1, at times ¢t = 0.5, 1.0 and 1.5.
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Figure 27: An elastic shock hitting a fluid filled deformable cylinder showing the density, p, in the fluid domain and the
stress-norm |&|, in the solid domain. Results are shown for the medium solid, p, = 1.0, at times ¢ = 0.5, 1.0 and 1.5.
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Figure 28: An elastic shock hitting a fluid filled deformable cylinder showing the density, p, in the fluid domain and the
stress-norm |&|, in the solid domain. Results are shown for the heavy solid, p, = 10., at times ¢ = 0.5, 1.0 and 1.5.

near 0.7.

6.5. A shock impacting two deformable sticks

In this section, we consider the simulation of a fluid shock impacting two deformable sticks as shown in
Figure [31. The main purpose of this computation is to demonstrate the ability of the FSI-DCG approach
to treat problems with large displacements while retaining high-quality grids. We recognize that the use of
a linear elastic model for the solids in this simulation is somewhat questionable from a physical standpoint
since this solid model does not properly treat large strains or rotations, but this does not detract from the
main purpose of this calculation.

The geometry of the problem consists of the large rectangular domain R = [—5, 20] x [—10, 10] with two
embedded solid sticks. Each stick is a smoothed-polygon approximation to the rectangular domain of width
0.5 and height 4. The lower stick is centered at (0, —2.1) and defines the solid domain Q; ~ [—.25,.25] x
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Solid Fluid
Grid | P [ r [ D [ [P [ v [ P [ [ eW ] el |
g | 17e4 1.1e-3 1.3¢-3 4.1e-3 2.3¢-3 4.2¢-3
¢ | 79e5 | 21 [ 69e4 | 16 | 7.9¢4 | 16 | 223 | 1.8 | 1.3e3 | 1.8 | 2.3¢3 | 1.8
GOV [ 83e6 | 9.5 | 1.5e-4 | 4.5 | 1.8c-4 | 4.3 | 3.60-4 | 6.3 | 2.9ed | 6.1 | 3.7e-4 | 6.2
rate | 1.08 0.72 0.71 0.88 0.87 0.88

Figure 29: Estimated Lji-norm errors and converge rates for the elastic shock hitting a fluid cavity, medium-density solid,
pr = 1.0. Note that the grid spacing on the finest grid is 8 times smaller than the previous resolution.

[~4.1,—.1]. The upper stick is centered at (0,2.1) and defines the domain Qg a [—.25,.25] x [.1,4.1]. The
fluid domain at time zero is then Q(0) = R — Q; — Q. Let gfﬂS) denote the composite grid for this geometry

with As9) = 1/(105), approximately. Figure shows closeups of the grid g((;) at three different times
during the calculation. The grids next to the interface are hyperbolic grids with normal width 5As() for
the fluid domain and width 3AsY) for the solid domains. The grids in the solid are shown adjusted for the
displacement. Only the two green fluid-interface grids deform over time.

The initial conditions in the fluid correspond to a planar shock, initially at x = —1, traveling to the right
with a shock Mach number equal to 2. The state ahead of the shock is given by [p, v1,v2,p] = [1.4,0,0.,1]
and the state behind the shock by [3.73333,1.25,0.,4.5]. The ratio of specific heats in the fluid is v = 1.4.
The material properties of the lower stick are p = u = A = 25 and those of the (lighter) upper stick are
p=p =X =10. The boundary conditions on the rectangular fluid domain are supersonic inflow on the left
side (all variables given by the state behind the shock), slip walls on the top and bottom, and supersonic
outflow on the right (all variables extrapolated).

Figure 30: Closeup of the composite grids gfjﬁ) for the deformable sticks at times ¢ = 1, 5 and 11. The two deformable sticks
move apart after being impacted by a fluid shock. The green curvilinear grids next to the interface are regenerated at each
time step with the hyperbolic grid generator. The red grids in the solid domains are shown adjusted for the displacement. The
grids remain smooth and of high quality throughout the simulation.

Figure 31 shows the solution of the FSI problem at different times from the computation using the grid
géi). Note that the region shown in the figures has been cropped from the full rectangular domain R. The
behavior of the fluid is displayed as numerically generated schlieren images. These gray-scale images are
computed from the magnitude of the gradient in the fluid density, and they highlight shocks and contact
discontinuities in the flow (see [22] for a definition of the numerical schlieren function). The plots also display
shaded contours of the horizontal component of the velocity, #1, in the solid domains (illustrating which
portions of the sticks are moving faster horizontally relative to other portions). The sticks are accelerated
after being impacted by the shock, and subsequently deform and rotate as they propagate downstream.
When the fluid shock first impacts the left edge of a stick it generates an elastic wave in the solid which
moves from left to right through the stick. This wave subsequently reflects off the right side of the stick and
at the same time creates a transmitted shock wave in the fluid. This elastic wave continues to bounce back
and forth within the solid, and each time it hits a fluid-solid interface it generates a new wave in the fluid.
A sequence of these waves in the fluid is particularly evident to the left of the lower stick in the solution at
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time ¢t = 3 of Figure[31. By the final time shown in the figure (¢ = 11), the incident shock in the fluid has
traveled off the view and reflected shocks from the slip walls at the top and bottom of the fluid domain are
visible. A complex flow field in the vicinity of the sticks is seen consisting of multiple reflected shocks and
fluid roll-ups.

t= F1.0

U1

[1.34
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0.94

Figure 31: A shock hitting two elastic sticks showing the solution at times t = 1, 2, 3, 5, 8 and 11. The solution in the

fluid domain is shown as a numerical schlieren image while the horizontal velocity v1 is shown in the solids. The solution was
8)
S

computed on grid gé which has 3.3 million grid points. Note that the bounds on the contour levels change with time.

The performance of the FSI-DCG scheme for the computation shown in Figure 31 is presented in Fig-
ure [32] The largest percentage of the total run time (73%) was spent in advancing the fluid equations, as
expected, since the majority of grid points belong to the fluid grids. The time spent advancing the solution
in solid domains was less than 1%. In terms of CPU time per grid point in the respective domains, the cost
to advance the solution in the solid domains, 1.3us/step, was about 45% of the cost to advance the solution
in the fluid domain, 2.9us/step (including grid generation). About 23% of the time was spent moving and
regenerating the grids in the fluid domain. We note that significant optimizations could be made to the grid
generation stage but we leave this to future work.

Figure 33 compares the solution from simulations on a coarse grid gfﬁ,) (0.83 x 10° grid points), a medium

resolution grid ggi) (3.3 x 108 grid points) and fine grid géi‘” (13.2 x 10 grid points). The finer grids produce
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Deforming Sticks
s/step | % CPU
advance fluid (3.2M pts) 6.8 73
advance solids (.03M pts) .04 4
grid generation 2.2 23
interfaces .07 7
other .29 2.9
total 9.4 100

Figure 32: Computational performance of FSI-DCG scheme for the deforming stick problem shown in Figure[31: CPU time
(in seconds) for various parts of the algorithm and their percentages of the total CPU time per step. The total number of grid
points was approximately 3.3 million with the majority belonging to the fluid domain. The computation was run on a single
core of a 4-core Xeon 2.3 GHz processor.

increasingly sharper and more detailed features but the the overall structure of the flow compares very well
between the different runs.

7. Conclusions

We have described a mixed Eulerian-Lagrangian technique for the solution of fluid-structure interaction
(FST) problems. This general and flexible approach uses deforming composite grids (DCG) to represent fluid-
solid interfaces with boundary-conforming grids that track the interfaces as they evolve. The interface grids
move through static background grids and remain smooth and of high quality even under large displacements
and rotations of the solid domains. The FSI-DCG approach was developed and verified for a system consisting
of inviscid compressible fluids described by the Euler equations coupled to solids modeled by the (linear)
elastic wave equation. At an interface, the normal components of the fluid and solid velocities must match,
along with the fluid and solid tractions. An interface approximation based on the solution to a fluid-solid
Riemann (FSR) problem has been developed to couple the solutions at an interface. This FSR approximation
is accurate and stable for a wide range of regimes, including the difficult case of light solids when the standard
velocity-from-solid /stress-from-fluid approximation fails.

The FSI-DCG time-stepping scheme and interface approximations have been described in detail and
carefully validated for the one-dimensional elastic piston problem. The extension of the scheme to prob-
lems in two space dimensions has also been described. The two-dimensional FSI-DCG scheme has been
carefully verified on three problems with known solutions: the two-dimensional elastic-piston problem, the
superseismic-shock problem and a deforming-diffuser problem. For the deforming-diffuser problem, which
has a smooth solution, and the smoothly receding elastic piston, the scheme was shown to be second-order
accurate in the max-norm. For the problems which contain discontinuities, the expected rates of convergence
were also obtained. Simulations were performed of an elastic shock wave impacting a fluid-filled cavity to
demonstrate that the multi-dimensional algorithm remains stable even for light solids. A self-convergence
grid refinement study for this case showed the solutions to be converging at the expected rates. A final
example of a shock impacting two deformable sticks illustrated the application of the method to a problem
where the solids undergo large translational motions through the fluid domain.

There are many avenues to follow in future work. The FSI-DCG approach described here can be extended
to other fluid models including viscous fluids and incompressible fluids as well as more general solid models
that can treat large rotations and deformations. In addition we will extend the current numerical framework
to three space dimensions, to handle non-matching interface grids and adaptive mesh refinement, as well as
to run in parallel on distributed memory computers.

Appendix A. Solution of the receding elastic-piston problem

A smooth exact solution to the elastic-piston problem can be derived for the case of a receding piston.
This is a good test problem for showing the accuracy of our numerical scheme when the solution is smooth.
The z-t diagram was shown previously in Figure At ¢ = 0, the fluid is at rest with constant initial
conditions p(x,0) = po, v(z,0) = 0, p(x,0) = po and a(z,0) = ap = \/7Po/po. Assuming a given interface
motion, z = G(t), the solution in the fluid region G(t) < = < apt is given by the method of characteristics,

o 1) = Glr(ar)), H0D g 2] (”(x’”>, pla.t) _ <”(x’t>)7 - (““’”)MM, (A1)

ag 2 ap Do Po ag
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Figure 33: A shock hitting two elastic sticks. A comparision of the solution at ¢ = 9 on the coarse grid gfi‘? (top) medium
resolution grid in? (middle) and fine grid géf’ (bottom).

where 7 = 7(x, t) satisfies

r—G(r) = [ao + WTH ; (T)] (t—7). (A.2)

The solution in the fluid region for & > agt is simply p(x,t) = po, v(z,t) = 0 and p(z,t) = pg. (For further
details see the discussion in D]) We have assumed that the interface moves so that no shocks form which
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will be the case if G <0 and G <0.
The solution to the elasticity equations with initial conditions 4(Z,0) = to(Z) and 9ya(z,0) = v(Z) and
boundary condition @(0,t) = G(t) follows from the d’Alembert solution,

W@, 1) = F(7 — egt) + 93 + ), (A.3)
1 3
7€) = 3109~ ¢, [ wn(o)ds] for € <. (A4)
0
1M -1 €5
g6 =17 [to(§) + ¢, f5 Do(s)ds] for & <0, (A5)
G(&/cp) = F(=E) for £ > 0.
By imposing the interface traction condition, pc2dzu(0,t) = —p(G(t),t) we arrive at the following equation
for G(t),
Po y—1. 2v/(y—1) G(t) N 1
o2 1+ " G(t)} + o [ag(—cpt) — avo(fcpt)], for t > 0. (A.6)

Given any appropriate initial conditions for the fluid and solid, (A.6) can be solved as a nonlinear ODE
to determine G(t). We proceed, however, in a different manner and first choose a form for G(¢) and then
determine initial conditions #o(Z) and 7 (Z) in the solid to be consistent with (A.6). In particular, we choose

G(t) = —%tq, (A7)

for some positive integer ¢ and amplitude parameter G,. Given G(t), there are many possible choices for
1o(Z) and To(Z) that will satisfy (A.6). Since we are looking for a smooth exact solution, it is natural to

require the initial conditions to satisfy the fluid-solid interface conditions (which they do not necessarily need
to satisfy). This gives the choice

2v/(v—1) .
| T s, (@) = G(—3/e,), for T < 0. (A.8)

o po [* { y—1.
_ P [T (-
o (T) 702 Iy + 20 (=s/cp)

In summary, given an interface motion G(¢) from (A.7), we choose initial conditions in the solid from (A.8),
and then the solution in the solid is given by (A.3)—(A.5) and the solution in the fluid is given by (A.1)-(A.2).

Appendix B. Solution of the elastic-piston shock-tube problem

An exact solution to the elastic-piston problem can be derived for the situation of a fluid shock hitting an
initially motionless piston. This solution is used in Section[4.3.2 to evaluate our numerical scheme. The z-t
diagram for the problem is shown in Figure B.34l The solution to this problem is a simple extension of the
fluid-solid Riemann solution given in Section[4.1} An incident shock moves from right to left and impacts
the solid at t = t;. The shock reflects, causes the interface to move, and in turn sets up an elastic shock wave
in the solid. The initial conditions are

[v(z,0),5(z,0)] =[0,0], forZ <O, (B.1)

for 0 < = <z,

M%WN%%M%M={W&WL (B.2)

[p1,v1,p1], for o > xo,

where the initial fluid states are chosen to correspond to a shock moving to the left with speed Sy. At time
t =t; = x9/Sp the incident shock impacts the solid. The solution at this time defines a fluid-solid Riemann
problem with the constant solid state [Ty = 0,59 = 0] next to the fluid state [p1,v1,p1]. The solution to this
problem is given in Section[4.1.2]

Appendix C. Solution of the superseismic-shock problem

Here we provide the analytic solution to the superseismic shock problem discussed in Section The
structure of the solution was shown earlier in Figure[17. (Note that there are also solutions where the s-wave
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Figure B.34: The z-t diagram for the elastic shock tube. An incident shock moves from right to left and impacts the solid at
t = t;. The impact causes the interface to move and sets up an elastic shock wave in the solid. The reflected wave in the fluid

may be a shock or an expansion fan.

leads the p-wave and where the s- and p-waves lie in the lower right-half plane.) The input parameters to the
problem are the solid material parameters p, p and A, the speed of the structure S, the upstream fluid state
w = [p°,0?,0,p°] and the ratio of specific heats in the fluid 7. Assume, to begin with, that the shock angle
¢ is known (even though ¢ will normally have to be computed as a solution to the equations given below).
Define the angle 8 = 7/2 — &, the upstream speed of sound ag = 1/7p®/p°® and the upstream Mach number
My = (S —v9)/ag. The post-shock fluid state is given by the oblique shock conditions (see for example
Liepmann and Roshko [44]),

1_,0 2 o2
pl—p 2y ) v+ 1)Mg sin® 3
0 = 7[Mg Sln25 - 1]7 Pl = pO ( )2 O. 2 ) (Cl)
D v+1 (v —1)MZsin* 5 + 2
1
1 h S 0 cos 3 cosd
= + - 8)———— , C.2
Vi L}% 0 (v )cos(ﬁ —0) |sin 9] (©-2)
where the angle of deflection of the interface, 6, is related to £ by
M2sin? 5 —1
tan @ = 2 cot 0 : C.3
o “ H{M3(7+6082ﬂ)+2} (©3)

Define the wave-vector, k, eigenvector, a, and angle n for each of the two traveling waves in the solid,

kY =cosn, =¢,/S, kY = —sin(n,), K] =cosns =cs/S, k5= —sin(ns), (C.4)

(P — [fﬂﬂ k= [fﬁj Car— [mﬂ et [—’231 _ (C.5)
Kb K5 Kb K5

In terms of the wave strengths ¢, and o, (yet to be determined), the displacements and velocities in the

solid states w°, w! and w2 are
2°=0, u'=-oKkP -x—cpt)a?, @’ =1u'—ayk’ X cst)a’, (C.6)
v'=0, V'=aqpca?, V2 =¥ + ascqa’ (C.7)
The three stress states of the solid can be written as
=0, l=67, é’>=6c'+5"° (C.8)
where the components of the tensors 67 and a° are given by
by 2 P\2 2 P, P ) S .8 s\2 __ s\2
_f' _ + M(’%1> HR R ) (—Oép), 5; _ 5K1H2 ) /J/((I'i1> ("QQ) ) (_as). (Cg)
! 2uriRy A+ 2u(K5) n((k1)” = (k3)%) 2k K3

33



The wave strengths oy, and «, are then solutions to traction interface condition,
2h=—(p'—p")n. (C.10)

where the normal vectors used for the solid and fluid are

Note that the normal for the solid is taken from the reference state X as is often done for linear elasticity.
Given oy, and a, from the solution to (C.10) we then know the solid states. Supposing the value of £ we
started with was correct, then the velocity interface condition

72
tan = —2 (C.11)

U1
will also be satisfied. Otherwise one can use a root-finding procedure to determine a value for £ that satisfies

the above relationships.
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