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Abstract
Pope, David (M.S., Department of Aerospace Engineering Sciences)
Implementing a Loosely Coupled Fluid Structure Interaction Finite Element Model in
PHASTA
Thesis directed by Professor Kenneth Jansen

Fluid Structure Interaction problems are an important multi-physics phenomenon in
the design of aerospace vehicles and other engineering applications. A variety of computa-
tional fluid dynamics solvers capable of resolving the fluid dynamics exist. PHASTA is one
such computational fluid dynamics solver. Enhancing the capability of PHASTA to resolve
Fluid-Structure Interaction first requires implementing a structural dynamics solver. The
implementation also requires a correction of the mesh used to solve the fluid equations to
account for the deformation of the structure. This results in mesh motion and causes the
need for an Arbitrary Lagrangian-Eulerian modification to the fluid dynamics equations
currently implemented in PHASTA. With the implementation of both structural dynam-
ics physics, mesh correction, and the Arbitrary Lagrangian-Eulerian modification of the
fluid dynamics equations, PHASTA is made capable of solving Fluid-Structure Interaction
problems.

iii
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1 Introduction

The dynamics of a structural system in the presence of a fluid exerting forces on the
structural body is an important multi-physics modeling problem. As the structure deforms,
changes in the flow of the fluid around the structural body occur, causing a change in the
forces exerted on the structure. This non-linear relation to the structural deformation
caused by aerodynamic forces is relevant across a variety of engineering fields. In civil
engineering, the forces due to winds on large structures such as skyscrapers or suspension
bridges should be accounted for to ensure that oscillations of the structure due to strong
winds stay within structural tolerances. In aerospace engineering, the problem is especially
relevant, particularly as it concerns flutter on lifting surfaces. To address these structural
forces and possible divergent dynamic modes, a coupled system is needed that accounts for
the changing forces exerted on the structure.

The modeling of both fluid flows and structural systems on computer systems is com-
monly done using Finite Element Methods. Other methods are available, such as Finite
Difference Methods, but this paper focuses solely on the Finite Element Method, and
specifically on the implementation of fluid structure interactions in the high fidelity fluid
dynamics solver PHASTA.

Multiple methods for formulating a fluid structure system have been considered using
the finite element method. In a fully coupled system, the fluid and structural equations of
motion are formulated as one system of equations[1]. Another alternative for resolving fluid
structure interaction is to account for fluid loading in a non-linear finite element model[2].

However, this thesis exams modeling fluid structure interaction by coupling independent
structural and fluid finite element solvers. A simple linear dynamic finite element solver is
coupled with PHASTA, a complex finite element fluid solver. The structural displacements
of the structure interact with the fluid solver by deforming the mesh on the boundaries of
the fluid domain, while the fluid solver interacts with the structural solver by passing fluid
forces exerted on the structural domain to the structural solver.

This thesis will examine the utility of such a fluid-structure interaction model, specif-
ically the data structures necessary for implementation of the loosely coupled system in
PHASTA.

2 Formulation of Equations

2.1 Fluid Equations

PHASTA uses the Navier-Stokes equations to resolve fluid flow. The Navier-Stokes equa-
tions are the standard equations used to express fluid dynamics. The Navier-Stokes equa-
tions are conservation of momentum, conservation of energy and continuity. The continuity
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equation is described as[3]:
3
pe+ > (pui)i=0 (1)
i=1

The conservation of momentum equations can be express as:

3 3
(U] + Y lpwiugli+ Pj = 7iji+bj (2)
i=1 i=1

Finally, the conservation of energy equations can be described as:

3

3 3
[petot]t + Z[Puietot],i + Z[uzp] = Z
i—1 i—1

= =17

3 3
[Tijuili — D @i+ Z bjuj + (3)
1 i=1 j=1

These equations can be express in a compact notation by introducing a new variable
vector, the flux vector, and a body force vector. The new variable vector is:

)
U= | pu; (4)
PEtot
The flux vector is:
pU; 0 0 0
P, = | pUU; | + P(Sij — Tij + {0 (5)

pUietor PU; T +1i5Uj Qi

The body force vector is:

0
p= bj (6)
bjUj +r

With these new variables, the Navier-Stokes equations can be expressed as:

Ui+ Eii=¢ (7)

It is convenient to express the flux vector in terms of advective and diffusive flux. Thus,
we express the total flux vector in terms of two new vectors.

0
FoW — U + P |6y (8)
Uj
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0 0
5
Fisz:— Tij | + 10 (9)
UiTij qi
With these two flux vectors expressed independently, the Navier-Stokes equations are
written as

U,+ Fi?z"iv + Fg;‘ff = (10)

This expression of the Navier stokes equation must now be converted from five general
partial differential equations to the finite element form. First, all terms are moved to the
left hand side.

Ui+ F,;—¢=0 (11)

Now the equations are multiplied by a weight function W. This can be considered an
arbitrary function at this stage. This equation is then integrated over the entire fluid
domain.

/Q WU, + Fyy— 9] =0 (12)

Distributing the weight function and using the product rule leads to the weak Galerkin
formulation of the Navier-Stokes equations.

Jw-vdo- [w pde- [ wpio+ [ W =o (13)
Q Q Q - I

Using the finite element method, the values of the solution are sought at discrete nodal
points. The values can be interpolated to any arbitrary location with a function of space.
The most common functions used are element shape functions[4] Using these shape func-
tions, the interpolated values for W and the derivatives of U at any location can be rewritten
in terms of the solution vector U.

W(z) =) Np(@)Wg (14)
B=1
U,= zn: NaUy (15)
A=1
U,= Z Naz(z)Ua (16)
A=1

Then the weak Galerkin form of the Navier-Stokes equations can be rewritten.
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n

Wi [ Nald" NaUss = o0) = NaaFsU)d02+ | N (U)nidl =0= >~ WyGy
1 | r

B= B=1
(17)
Where G is the residual.
This residual is formed at the element level according to
nen nen nen nen
GS = / [NeY - NaUSy = 0> NaUS) = Ny i3 (O NaUg)|de+ / NoF;(>  NaUg)nidT e
Qe a=1 a=1 a=1 e a=1
(18)

The local element residual is then stabilized according to the Streamline Upwind Petrov-
Galerkin (SUPG) method, and a stabilized element residual Qz is formed.

nen

G -ci+ [ ENAOIEU — (3 NUIDEd(el) (19)

a=1
Where the differential operators £ and £ are defined:

nen

LNy = A;() " Na(§US) Ny g, &1, (20)
a=1
LU = Z NUg, + Ai(z N.U?) Z Noe. §,iUq (21)
a=1 c=1 a=1

The variable vector U can be converted to an arbitrary variable vector Y. This re-
quires a series of transformations to change the dependance of the advective flux, diffusive
flux and body transformation terms from dependent on U to dependent on Y. These
transformations are summarized as:

Uy=UyY; =AY, (22)
Fz“,lfiv = Fi(}%vy,i = A;Y,i (23)
Fi = —KyY (24)

With these variable transformations, the differential operator £ can be expressed as:

0, 40 0 9

= LY = [Ag— - =Ky ]lY 2
LU =L [06t or; axj[ ’axj” (25)
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The variable Ap and A; in (22) and (23) are transformation matrices necessary for the
transformation of the Navier-Stokes equations from the variable set U to the variable set
Y and should not be mistaken for the A; matrices in (20) and (21) which are part the
linearization operator.

The element residual can be expressed in terms of variable Y according to:

Qz = / Nb[AOKt —p— Nb,iFi]d(el) + / ,CANbT(,CY — go)d(el) —I—/ NmeiDpd(el)p (26)
el el el

The global residual vector G p is assembled from the element residual vectors. The
system of equations is then integrated in time using the generalized alpha method, a
predictor multi-corrector algorithm. First, the solution vector at the next time step is
predicted according to[3]:

Y =Y 4 AtY] + Aty(YPT - Y] (27)
While requiring that:

Gp(y"ted yptomy =0 (28)

The values of Y at intermediate time steps am and af are found according to:
Yirem = v+ am[Yytt — vy (29)

yrrel =y 4 af[y"tt - y7 (30)

So from the initial guess for the values of the solution vector Y, the solution is cor-
rected iteratively using Newtons method, where the change in solution vector is found by
satisfying:

Gp(Yrom(i), yrted (i) Z Gy +af AY() 0 (31)

Introducing a new symbol for the tangent matrix of the residual in terms of the solution
vector and the residual, the solution for each iteration can be described in a matrix equation
of the form AX=b.

Aprery = Man (32)
G(YFTm(0). Y™ (i) = Ry (3)
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Z MpaAY = —Rp (34)
A=1

Y(i+1)=Y(@) +AY (i) (35)

In PHASTA, this is solved using the Generalized Modified Residual method (GMRES)[10]
for each iteration, and iterated until the residual is within a desired tolerance for each time
step.

2.2 Arbitrary Lagrangian Eulerian Fluid Modification

In fluid-structure interaction problems, the structural mesh will deform. Because fine
boundary layer meshes are desired to resolve the fluid flow near the border of the structure,
there is a risk of inverting fluid elements if the mesh is left in its original state. For this
reason, the fluid mesh is corrected at each time step so that it correctly adheres to the
structure boundary, and the fluid elements do not become inverted. This introduces a
velocity into the fluid mesh, and means that the Fulerian formulation will no longer be
accurate. With the Eulerian formulation as a baseline, the mesh velocity can be accounted
for by adapting to an Arbitrary Lagrangian-Eulerian (ALE) formulation. Starting with the
Navier-Stokes equations, where & represents the mesh velocity, the equations of continuity,
conservation of momentum and conservation of energy are changed to account for the
changing mesh velocity.

pt+ (plui —2i]) i =0 (36)
[pus) e + [p(ui — di)ugli + Pj = Tiji + bj (37)
[petot)t + [p(ui — Ti)esor] i + [(wi — &3) P) i = [Tijuj]i — i + bjuj +y (38)

This means that the advective flux portion of the equations is modified

0
Fiadv = (ul — l‘z)Q-F P 5ij (39)
(us — &)

The addition of these terms are reflected in the transformation matrices A; that relate
the advective flux vector to spatial derivative of the solution vector Y;. For a complete
modification of all of these transformation matrices in Arbitrary Lagrangian-Eulerian for-
mulation see Appendix B.

With these modifications, the Eulerian formulation is converted to Arbitrary Lagrangian-
Eulerian and can account for mesh velocity in the solution.
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2.3 Structural Dynamics Equations

The weak form of the structural dynamics equation is[4]:

(w7 p)(w, u) + a(w, u) = (w, f) + ('IU, h)F (40)

where u represents displacement, a represents the strain energy inner product, f are
the prescribed body forces and A the prescribed Neumann boundary forces, and w is any
arbitrary weight function. More commonly , the discrete equations of motion are given as
opposed to the variational form. In structural dynamics, the equations of motion for the
structural system are often expressed in the form

Md+Cd+Kd=F (41)

In these equations, M represents the mass, C represents damping, and K represents
internal energy transferred into the structure due to deformation. This statement is equiva-
lent to Newtons law of motion. In the FEM formulation, d is a vector of nodal displacements
of the system, F'is a vector of the forces acting on the nodes, while M is the mass matrix,
C is the damping matrix, and K is the stiffness matrix of the structure.

These matrices are calculated at the element level and assembled to create the global
mass, damping, and stiffness matrices for the system. At the element level, the mass matrix
is found

mey = / NapNy (42)
Qe
This is found through numerical integration of the element according to

Ngauss Ngauss

mf; =YY Wdet(J)N;pN; (43)
i=1 j=1

This particular formation of the mass matrix is called the consistent mass matrix. Other
formulations such as the lumped mass matrix are also possible[4].

The discrete form of the stiffness matrix can be derived from the strain energy in the
weak form. The strain energy can be expressed in terms of the elastic coefficients of the
material.

a(w, w) = W ;) CijkiU(k,1) (44)

This can be expressed equivalently in terms of the infinitesimal strain tensor and ma-
terial elastic moduli matrix as

a(w,u):/ge(w)TDe(u)dQ (45)
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This infinitesimal strain tensor can be expressed in terms of element shape function
derivatives such that

€(Nae;) = Bae; (46)

where e; represents the ith column vector of the identity matrix. B is a matrix of the
element shape function spatial derivatives

Naz 0 0
0 Napo 0
0 0 Nas
B = ’ 47
A 0  Naz Nap (47)
Nas 0  Najp
[ Na2 Nai1 0 ]

The stiffness is the integral of the strain energy inner across the domain, found at the
global equation number PQ as

Kpg =e} / BY DBpdQe; (48)
Q

This can be calculated at the element level as
k¢ = / BT DBdO* (49)
This is most commonly done with numerical integration using Gaussian quadrature so

that
Ngauss
k=Y det(J)WB'DB (50)
i=1

Performing this integration numerically requires calculating the B matrices for each
shape local equation number

Ngauss

o= Y det(J)WBIDB, (51)
i=1
This can be expressed alternatively in terms of the Lamé constants so that
Ngauss
kpg = kiajp = Z det(J)W Ng cijriNo, (52)
i=1

After calculating the stiffness matrix for each individual element, the global stiffness
matrix for the system is assembled. This is referred to as the direct stiffness method.
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The damping matrix C is assembled as a linear combination of the mass and stiffness.
This is called the Rayleigh damping matrix[5].

C =aM +bK (53)

The coefficients b and a are chosen to give the desired damping characteristics to the
system. Commonly the damping coefficients are based on the damping ratio desired at the
natural frequency of the modes the system.

Cn = a+ bwp (54)

This means that the desired damping ratio at at least two modes of the system must
be known to solve for the unknowns a and b. This also requires knowledge of the natural
frequencies of the system at these modes. Generally, the lowest frequency mode and highest
frequency mode of interest are used[5]. To determine the natural frequencies of the system
eigenvalue analysis can be performed. However, determining eigenvalues of the entire
system can be computationally expensive. An approximation is made for this solver that
the lowest and highest eigenvalues in any element correspond to the lowest and highest
eigenvalues of the system. The natural frequency of free vibration, w, is found from the
corresponding eigenvalue, p, according to[6]

p; = w? (55)

With the formation of K, C and M the equations of motion of the system have been
formed. The system must be constrained using boundary conditions to complete the def-
inition of the problem. The zero displacement boundary condition is the only boundary
condition allowed for the structure in the solver implemented. The method used is a
reduced system, or reaction recovery system. This means that the global equations corre-
sponding to zero displacement are reduced to zero in the system, and one on the diagonal.
This means the contribution from these nodes becomes a trivial equation. A small exam-
ple is demonstrated for a three by three system. We assume that the displacement usg is
a known zero displacement boundary condition. The full system is shown first, and the
reduced system is shown below it.

mi11 miz2 mig| |u1 ci1 ci2 c13| |u1 ki1 k2 k| |w fi
mo1 Moz Moz | |da| 4+ [ca1 e caz| |U2| + |kot koo koz| |u2| = [fa| (56)
m31 M3z ma33| |Us3 c31 €32 €33 |u3 k31 kso ks3] |us f3
m11 miz2 0| [u; ci1 ciz Of |up ki1 ki O (w1 J1
mao1 Moz 0| |u2| + [c21 ca2 Of |ua| + [kor ka2 Of [u2| = | f2 (57)
0 0 1 0 0 0 1 0 0 0 1 0 0
9
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With the formulation of the system complete, a time integration method must be
selected to determine the solution of the problem. The generalized alpha method can be
used to determine the solution of the problem[7].

The equations of motion in the discrete form are used to form a residual equation.

Md+Cd+ Kd—F =R, (58)

With known initial conditions, the solution at the next time step is predicted with a
constant velocity assumption.

Un+1 = Un (59)
—1
Ap+1 = 7 ~ Ay, (60)
At?
dn+1 = dn —+ At’l]n + T((l — 2,6’)(1” + 2ﬂan+1) (61)

The values of the variables and the residual are then found at intermediate time steps.

oo, = dn + ap(dniy — dn) (62)
Untay; = Un + af(Ung1 — Un) (63)
Untam = Ont1 + Wm(Ang1 — an) (64)
Rut1 = R(dn+ay, Untays Gntan) (65)

This is iterated to improve the values for the solution according to:

OR

Ga, Do = s (66)

The residual of the partial derivative of the residual of the time step in terms of the
acceleration is found according to:

OR
8aJn—i-l

Then the incremental correction Aa is solved for using the GMRES method. This
correction is used to update the variables at the next time step according to:

= amM + aAtC + a (ALK (67)

apfh = apyq + Aa (68)

10
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vf;fl = v 1 +YAtAa (69)

ditl = di 4 + B(At?)Aa (70)

This iterative process is repeated until the norm of the residual of the system is reduced
below a desired value.

2.4 Mesh Correction

A variety of strategies exist to correct the mesh when a prescribed deformation occurs.
Some of these range in complexity from minimizing the change in the determinant of the
Jacobian of each element to simply displacing the nodes with the same angular displacement
equally across the mesh. The strategy adapted here is to treat the mesh correction as a
prescribed displacement structural FEM problem. This problem then takes the form:

Ku=F (71)

where K is a stiffness matrix, u is a vector of the mesh nodal displacements and F is a
force vector. The applied forces where nodal displacements are unknown are initially set to
zero. The simple three by three example for reduction will be used again to illustrate this
process. Lets take u; as the known displacement from the structural deformation. The
original system takes the form[8]:

ki1 k2 kis| [w fi
ko1 koo kog| |ua| = | f2 (72)
ka1 k3o ks3| |us f3

The system is partially reduced where the displacements are known to a trivial equation.
The forces are modified to make the trivial equation reflect the prescribed displacements.
For the example system, this is

1 0 0 Ul u1l
ka1 koo kog| |u2| = | fo (73)
k31 kzz k33| [u3 f3

Next, the force modification due to prescribed displacements is found. This means that
forces corresponding to locations where the displacement is unknown are modified due to
the prescribed displacements.

1 0 0 Uy (u1)
ko1 koo kog| |u2| = | (f2 — karur) (74)
k31 k3z k33| [us (f3 — kg1ur)
11
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With force modification complete, the system is fully reduced. This means that columns
corresponding to known displacements are zeroed out.

1 0 0 ul (ul)
0 koo kos| |uz| = [(fo — k21ur) (75)
0 k3o k33| |us (f3 — k3iur)

This leaves a linear equations for the unknown displacements in the mesh. This equation
is then solved for using GMRES.

2.5 Loose Coupling Mechanism of Fluid-Structure Interaction

The structure equations and fluid equations are loosely coupled by interaction of their
residuals. The fluid forces acting on the structural body are passed to the structure model
as nodal forces along the fluid-structure boundary. The deformation of the structure is
passed to the fluid model as nodal velocity data. The deformation of the structure thus
alters the fluid residual, resulting in an updated fluid solution. Likewise, the updated fluid
solution results in new forces acting on the structural body, changing the residual of the
structural model, and resulting in new displacement data.

A solution within tolerance for each time step is found in a highly iterative process.
The fluid solution is resolved first. The solution is iterated until it is within tolerance. The
fluid forces on the structural body are then passed to the structure as nodal forces. The
structure solution is then resolved. The deformation of the structure is used to deform the
mesh. Nodal velocity data from the mesh is then passed back to the fluid model. The
fluid is solved again with this nodal velocity data to generate the new resultant forces for
the structure model. This process is iterated until the change in fluid forces and structural
deformation between iterations is negligible. At this point, the solution for the time step
has converged.

The aerodynamic forces are resolved in PHASTA using the consistent boundary flux
calculation technique. This technique solves for the viscous and heat flux on a boundary
where the discrete solution for primitive variables is known|[9].

The consistent boundary flux calculation treats the flux vector, f, consisting of the
boundary viscous flux 7;;n; and heat flux —g¢;n; as an unknown variable. In these equations,
the subscript w refers to the surface on the boundary where we are interested in resolving
the fluxes.

0
friue = | Tijng | = Funi (76)
—qiny

This variable is then solved for according to the weak Galerkin formulation as

12
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[ Wipwdr+ [ W @mar - / WU 0 [ W Fd0- [ Wepdos [ WeEmar
Tw . Q ' Q Q r

(77)

The heat flux terms are not necessary for the structure, but the coupled system can

be approximated based on the consistent boundary flux calculation technique as a system
where

MCZ.—FCd—FKd:Tijnj (78)

3 Computer Implementation of Equations

This section provides very specific detail at a variable level necessary for the implementation
of the necessary subroutines for FSI in PHASTA. A more broad overview is provided in
a hierarchy of subroutines for each section. The implementation required the creation of
a new structural dynamics solver for PHASTA, ALE modification of existing PHASTA
subroutines, creation of a new mesh corrector for PHASTA, and creation of interfaces for
the fluid solver, structure solver, and mesh corrector.

This is not an exhaustive list of the functionality and subroutines contained in PHASTA,
but a brief overview of the most important subroutines.

3.1 Fluid Equations

The solution of the Navier-Stokes equations in PHASTA occurs on on five main levels.
At the highest level, the solver loops through time steps, acquires solutions, and updates
solution values according to input. At the level below this, the solution is found using either
the GMRES method or the Matrix Free Galerkin method as specified by input. Below this
level, blocks of element data are assembled and placed in appropriate data structures.
Below this, element blocks are broken down into individual elements. At the lowest level,
individual elements are used for computation of the components of the residual, and the
tangent matrix of the residual. A hierarchy diagram for important subroutines in PHASTA
is shown in Figure 1. Subroutines added to PHASTA for the solution of structural dynamics
are colored in green, while subroutines added for mesh correction are shown in yellow.

Five important subroutines correspond to the five main levels of the solution. At
the highest level, itrdrv. The main subroutine at the solution level for a sparse GMRES
solve is solgmrs. At the element block level, the subroutine elmgmrs is used to assemble
data. Within element blocks, the subroutine asigmr is used to assemble element data to
corresponding global equation numbers. At the element level, the subroutine e8 is used
to calculate the residual and tangent information for each individual element according to
(19).
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Figure 1: Hierarchy Diagram of Important PHASTA Subroutines

At the top level, itrdrv loops through time steps. For each time time step, it first
predicts the solution at the next time step by calling the subroutine #trpredict as shown in
Figure 3.

Within each time sequence, itrdrv follows the sequence of solves and updates specified
by the user. Itrdrv loops through the sequence and performs a check to determine if a solve
or update is occurring and which solver to use. The check for whether a solve or update is
occurs as seen in Figure 4. In itrdrv, the variable Y is used to store the solution variables,
corresponding to the Y vector in (22).

When the solution for the fluid using a sparse GMRES solver is desired, the subroutine
solgmrs is called from itrdrv as seen in Figure 5. This assembles the global tangent of the
residual as the variable lhsk, equivalent to M4p in 34, and the a diagonalized version of
the tangent matrix, BDiag, for the GMRES solve.

The flow solution variables at the end of the time step are contained in the vector y,
while the solution variables at the beginning of the time step are contained in the vector
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Figure 2: Solution Process for Fluid Dynamics

FEE| Canas > predictor phase <

T/E C

357 call itrPredict( yold, acold, Vv, ac )

3%8 C...DEP add

359 call itrpredictSTR{ ustrold, udotstrold, uvaclstrold,
360 & ustr, udotstr, uvaclstr,ustralf, udotstralf, uvaclstralf)
361 call itrDBCALE{umesh,ustr,ibc)

362 call itrBC (y, ac, iBC, BC, iper, ilwork)

363 isclr = zero

36k if (nsclr.gt.zero) then

365 do isclr=1,nsclr

366 call itrBCSclr (v, ac, iBC, BC, iper, ilwork)
367 enddo

368 endif

369

Figure 3: Predictor Phase in ITRDRV.f

yold. The nodal coordinates are contained in the vector x, and the vector ForcesX contains
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37| Casss = multi-corrector phase <

2
373 iter=8
374 ilss=8 ! this is a switch thrown on first solve of LS redistance
375 do istepc=l,seqsize
376 icode=stepseq(istepc)
377 if(mod({icode,1@).eq.8) then ! this is a solve
378 isolve=icode/18
an
Figure 4: Sequence Check in ITRDRV.f
429 if (mod{impl(1),1@8@)/1@ .eq. 1) then ! sparse solve
430 C
431 C.... preconditioned sparse matrix GMRES solver
432 C
433 lhs = 1 — min(1,mod{ifuncs{1)-1, HSupd(1)})
L3k iprec=lhs
435 nedof = nflowxnshape
46 C write(#,%]) 'lhs=',1lhs
437
438 call SolGMAs (v, ac, yold,
439 & acold, Hy
140 & iBC, BC,
L & colm, FOwWpD, Lhsk,
447 & res,
443 & BD'iag, a{mHBra), almeBra),
Lilyly & almyBrgl, al(mRcos), almRsin),
445 & iper, ilwork,
Li4f & shp, shgl,
447 & shpb, shglb, solinc,
4 & rerr,xdot, Forcesx)
449

Figure 5: Sparse GMRES call in ITRDRV.f

the fluid forces to be passed to the structural solver. The tangent matrix is contained in
the sparse data structure lhsk, while the residual is the vector res. Res is equivalent to the
global residual in (28).

After the solution has been iterated the desired number of times, itrdrv calls itrcorrect
to convert the variables from the solution at the intermediate time step to the variables at
the end of the time step. Finally, the solution variables are placed in the yold vector for
use as the starting values at the next time step. This process is detailed in (29) through
(35). The function calls are shown in Figures 6 and 7.

These steps represent the solution process at the time and step sequence level. At
the solution level, sparse data structures are used with the GMRES method within the
subroutine solgmrs. Within this subroutine, the tangent stiffness matrix and residual are
formed by calling elmgrs. The block diagonal of the tangent stiffness matrix is LU factorized
and used to precondition the tangent stiffness and residual. GMRES is then applied to this
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iupdate=icode/18 ! what to update
if{iupdate.eq.®) then !update flow
call itrCorrect { vy, ac, yold, acold, solinc)
call itrBC (y, ac, iBC, BC, iper, ilwork)

Figure 6: ITRCORRECT call in ITRDRV.f

call itrlUpdate({ wold, acold, W, ac)
call itrBC (yold, aceld, iBC, BC, iper,ilwork)

Figure 7: ITRUPDATE call in ITRDRV.f

system using a set number of Krylov vectors to determine the correction to the solution
variables.

Within elmgrs the tangent stiffness and residual terms for blocks of elements are as-
sembled to the global terms. The global mesh is divided into blocks, each containing a
set number of elements to give best performance on a given architecture. FElmgrs loops
through these blocks and calls the subroutine asigmr to determine the tangent stiffness
term for elements within the block, defined as the variable EGMass at the element level.
The residual terms are also calculated. The loop through element blocks and call to asigmr
is shown in Figure 8.

The element tangent stiffness EGMass is used to fill the sparse global tangent stiffness
matrix lhsk using the subroutine fillsparse, with row and col as vectors used for the global
equation number index of each term, as shown in Figure 9. The residual information, resl
at the element level, is assembled to the global residual using the subroutine local. Resl is
equivalent to the local element stiffness expressed in (26).

The subroutine asigmr localizes the mesh location data in x and the solution variables
in y to the element level for calculation of element residual and tangent stiffness. Then
the subroutine e& is called to calculate the residual and tangent stiffness for each element.
The localization of variables and call to e8 is shown in Figure 10. Then the localization
process is reversed to assemble the residual, and the block diagonal of the tangent stiffness
matrix is formed.

Within the subroutine e, element level calculations are performed to find the resid-
ual and tangent stiffness matrix for each element. This is done in a loop over Gaussian
quadrature points for the element. At each Gaussian quadrature point the integration vari-
ables, for example shape function derivatives, needed for the calculations are determined in
e3ivar. The A matrices necessary to relate the advective flux term to the solution variable
are calculated in e3mirz. These two subroutines are called as shown in Figure 11. Further
subroutines calculate the contribution to the residual and tangent stiffness from convective,
mass, and least squares terms.
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429 do iblk = 1, nelblk

430 C
431 Cu... set up the parameters
432 C
433 iblkts = iblk ! used in timeseries
L3t nenl = lcblk(5,iblk) ! no. of wvertices per element
435 iel = leblki(l, iblk)
436 lelCat = lcblk(Z,iblk)
437 losyst = leblk(3, iblk)
438 iorder = lchlk(4, iblk)
439 nenl = lcblk(5,iblk) ! no. of vertices per element
440 nshl = lcblk(18,iblk)
441 mattyp = lcblk(7,iblk)
4437 ndofl = lchblk(8,iblk)
443 nsymdl = lcblk(9,iblk)
Lkl npro = lcblk(l, iblk+1) - iel
45 inum = iel + npro - 1
Lbf ngauss = nint{lcsyst)
447 C
448  Cu... compute and assemble the residual and tangent matrix
449 C
450
451 if(lhs.eq.1) then
452 allocate (EGmass{npro,nedof,nedot))
453 EGmass = zero
458 else
455 allocate (EGmass(1,1,1))
456 endif
457
458 allocate (tmpshpi{nshl,MAXOPT))
459 allocate (tmpshgl{nsd,nshl,MAXQPT))
460 tmpshpil:nshl,:) = shpl{lcsyst,l:nshl,:)
461 tmpshagli:,1:nshl,:) = shal(lcsyst,:,1:nshl,:)
462 iflmattyp.eqg.1) then
463 call AsIGMR (v, ac,
L6ty & ®, mxmudmi(iblk)%p,
L5 & tmpshp,
] & tmpshgl, mieniiblk)%p,
46T & mmat (iblk)%p, res,
468 & rmes, BDiag,
468 & qres, EGmass,
470 & rerr, xdot, ForcesX |
Figure 8: Loop Through Element Blocks
479  Cuwas Fill-up the global sparse LHS mass matrix
€
481 call fillsparseC{ mien(iblk)%p, EGmass,
482 1 LhskK, row, col)

Figure 9: Sparse Data Structure Fill
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53  C.... gather the variables

LY

55 call localyly, ycl, ien, ndofl, ‘gather ')
56 call localylac, acl, ien, ndofl, ‘'gather ')
57 call localx(x, ®x1, ien, nsd, ‘gather )
58 call local (gres, ql, ien, idflx, ‘'gather )
59 ¢ DEP localization of node velocity and forces

60 call localx(xdot,xdotl,ien,nsd, 'gather '}

61 call localx(ForcesX,ForcesXl,ien,nsd, 'gather ')

62

43 ¢ end DEP add

(23

& if(matflg(5,1).ge.4 }

66 & call localy (ytarget, ytargetl, ien, nflow, ‘gather ')
67

68

9 if( (iLES.gt.1@).and.{ilLES.1t.2@)) then ! bardina

70 call local (rls, rlsl, ien, 6, 'gather )
1 else

72 risl = zero

B endif

™oc

75 €.... get the element residuals, LHS matrix, and preconditioner
7% c

77 ri = zero

78 BDiagl = zero

79

a0 if({ierrcalc.eq.1) rerrl = zero

8 ttim(31) = ttim(31) - secs(@.@)

82

& call e3 (yel, yel, acl, shp,

8l & shgl, xl, ri, rml, *mudmi,

a5 & BDiagl, ql, sgn, rlsl, EGmass,

) & rerrl, ytargetl,xdotl)

o

Figure 10: Localization of variables and e3 call
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114 do intp = 1, ngauss

1s ¢

116  Cuw.. if Det. .eq. @, do not include this point

ur| c

118 if (Qwt(lcsyst,intp) .eq. zero) cycle ! precaution
119

120  €.... create a matrix of shape functions (and derivatives) for each
m ¢ element at this quadrature point. These arrays will contain
122 ¢ the correct signs for the hierarchic basis

| c

124 call getshp(shp, shgl, sqn,

125 & shape, shdrv)

126

27| «c©

128 C.... initialize

129 ¢

130 ri = zero

131 rmi = zero

131 if (lhs .eg. 1) stiff = zero

13 ¢

BECE o

135 C.... calculate the integration variables

136 ¢

137 ttim{8) = ttim(8) - secs(@.8)

138

139 call edivar (yl, yel, acl,

140 & Sclr, shape, shdrv,

1 & xL, dui, aci,

142 & glyi, g2yi, g3yi,

13 & shg, dxidx, Wdetd,

pL™ & rho, pres, &

145 & ei, h, alfap,

146 & betaT, cp, rk,

a7 & ul, u2, u3,

148 & al, divgi, sgn,

149 & rLyi, !passed as a work array

150 & rmu, rim, rim2mu,

151 & con, risi, risli,

152 & xmudmi, sforce, cv, xdotl, xdotl,xdotZ, xdot3)
152 ttim(8) = ttim(8) + secs(@.e)

15 ¢

155  C.... calculate the relevant matrices

156 ¢

157 ttim(8) = ttim(9) - secs(@.@)

158 call e3mtrx (rho, pres, T,

159 & ei, h, alfap,

160 & betaT, cp, rk,

161 & ul, uz, u3,

162 & AR, A1,

163 & Az, A3,

16k & rLyi(:,1), rLyi(:,2), rLyi(:,3), ! work arrays
165 & rlyii:,4), rlyi(:,5), ABDC,

166 & ABinv, d¥dY, xdotl,xdotl, xdot2, xdot3)
azm ddiml Nl o kb imlnN L Emed )

Figure 11: Quadrature Point Loop in e3.f
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3.2 ALE Modification of Fluid Equations

The fluid equations are modified to account for mesh velocity at the element level. The
mesh velocity is found by dividing the deformation of the mesh by the time step after the
mesh solver returns a value. These velocities are localized in the subroutine asigmr.

At the element level, mesh velocity is found at the quadrature point in the subroutine
ediwar with the statements seen in Figure 12. This change corresponds to the one detailed
in (39) at the element level.

Lnry 1 = 3 TOSrLe h o g B T Ly o opiig

168 ¢ DEP add assignment of xdot variables

169 xdotl = xdotl + shapel:,n) % xdotl({:,n,1)
170 xdot? = xdot? + shapel:,n) % xdotl(:,n,2)
171 xdot3 = xdot3 + shapel:,n) % xdotl{:,n,3)
172

Figure 12: Mesh velocity at Quadrature Point Determination

These mesh velocities are then used to modify the A matrices in the subroutine e3mtrz.
This accounts for the necessary change shown (39) being reflected in the transformation in
(22) and (23). An example for the matrix A0 can be seen in Figure 13. For the complete
modification, see Appendix B.

13 c€.... Calculate A-tilde-1, A-tilde-2 and A-tilde-3
135 ¢

136 Al(:,1,1) = drdp = (ul - xdotl)

137 Al(:,1,2) = rho

138 c Al(:,1,3) = zero

139 ¢ Al(:,1,4) = zero

140 Al(:,1,5) = drdT = (ul - xdotl)

e

142 Al(:,2,1) = drdp = (ul - xdotl) * ul +1
183 A1(:,2,2) = rho = (ul - xdotl) + rho * ul
1 © Al1(:,2,3) = zero

5 Al(:,2,4) = zero

146 Al(:,2,5) = drdT = (ul - xdotl) * ul
W <

188 Al(:,3,1) = drdp = (ul - xdotl) = u2
149 Al(:,3,2) = rho = u2

150 A1(:,3,3) = rho = (ul - xdotl)

15 Al(:,3,4) = zero

152 Al(:,3,5) = drdT = (ul - xdotl) = u2
152 ¢

154 Al(:,4,1) = drdp = (ul - xdotl) = u3
155 A1(:,4,2) = rho = u3

1% < Al(:,4,3) = zero

157 A1l:,4,4) = rho = (ul - xdotl)

158 A1(:,4,5) = drdT = ul = u3

15 ©

160 Al(:,5,1) = (ul - xdotl) = e2p +xdotl !extra -xdot must be nullified from P derivative
161 Al(:,5,2) = e3p + rho = (ul) * ul

162 Al(:,5,3) = rho = (ul) * u2

163 Al(:,5,4) = rho = {ul) * u3

164 a1(:,5,5) = (ul - xdotl) = edp

Figure 13: Modificiation of Al for Mesh Velocity

3.3 Structural Equations

A hierarchy of the basic solution structure for the structural dynamics solver is shown in
Figure 14.

Structural elements are determined by element type. This solver assumes all structural
elements are linear hexahedra and that all linear hexahedra are structural elements. Ideally,
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y
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Calculate element residuals and matrices
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I e

Figure 14: Solution Process for Structural Dynamics

this would be accomplished in the pre-processing phase. However, to keep work on the pre-
processor from diverting work from PHASTA, the decision was made to use element type
to determine the physics. The mesh data is separated into element blocks in the subroutine
genadj. Within this subroutine, all linear hexahedra are flagged as structural elements by
setting the variable material to 2 for the corresponding element block. All other elements
are given the material flag 1 and assumed to be fluid elements. Nodal connectivity is stored
in arrays ienf and iens for the fluid and structure respectively.

The structural equations are implemented in a manner that mirrors the fluid equations.
The structural solver, the subroutine solgmrstr, is called from the subroutine itrdrv. This
subroutine forms the global tangent stiffness matrix of the residual by calling the subroutine
elmgmrstr. The residual is calculated and solgmrstr uses the GMRES method to find the
appropriate change in the solution vector for the most accurate solution at the end of
the time step. At the global level, the stiffness matrix K is stored in sparse format as
the variable BigK, corresponding to K in (41). The consistent mass matrix is stored in
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sparse format as the variable BigM, corresponding to M in (41), and the Rayleigh damping
matrix is stored as the variable BigC, corresponding to C in (41). The appropriate tangent
stiffness matrix for the residual using the generalized alpha method is stored as BigMstar,
and the block diagonal of this matrix is stored as BDiagSTR. BigMstar is the derivative
of the residual expressed in (67). The solution variables consist of the nodal displacement,
stored as the vector ustr, the nodal velocity, stored as the vector udotstr, and the nodal
acceleration, stored as the vector uaclstr. The residual of the structural equations of
motion is stored in the vector resSTR. The nodal forces generated by the fluid acting on
the structure are passed into solgmrstr in the variable ForcesX.

The subroutine elmgrstr loops over element blocks. Within the loop for each element
block, the subroutine asimgrstr is called to form the components of the tangent stiffness
matrix and calculate their contribution to the global tangent stiffness matrix.

Within the subroutine asigmrstr, the subroutine e3str is called to form the local stiff-
ness, constant mass and damping matrices for each element. The local matrices are then
assembled to their global sparse counterparts using the subroutine fillsparsestr. The sub-
routine fillsparsestr also reduces the system of equations to account for zero displacement
boundary conditions by setting the entries to zero on the off diagonal terms where zero
displacement boundary conditions are present. The zero displacement boundary conditions
are determined using the input variable scalar 2 in PHASTA. It is assumed to be a zero
displacement boundary condition wherever this variable is set on a structural node.

The subroutine e3str forms the element stiffness matrix as the variable kl, the element
damping matrix as the variable cl, and the element consistent mass matrix as the variable
ml. This is done with a loop through element quadrature points as shown in (52). First, the
shape function and shape function derivative values at the quadrature point are found using
the subroutines getshp and e3ivarstr. The components of the tangent stiffness are formed
in the subroutines edmirzstr and eSmirzstr2. The stiffness matrix is formed assuming an
isotropic homogenous material using the direct stiffness method. The consistent mass is
formed through direct numerical integration of the element mass equation. The subroutine
edmirzstr? is used for the portion of the computation of the element stiffness that occurs
after the loop through quadrature points. This subroutine also assembles nodal values of
the element mass and stiffness matrix.

Within each time step, the subroutine itrcorrectstr is used to update the values of the
solution at the next time step and then the intermediate time step values of the solution for
the nodal displacement, velocity, and acceleration. This is the same process summarized
in (62), (63), (64), and (65). After the prescribed number of iterations per time step has
been completed, these solutions are updated using the subroutine #trupdatestr.

3.4 Mesh Correction
A hierarchy of the basic solution structure for the mesh correction is shown in Figure 15.

The mesh correction takes the form a prescribed displacement structural problem. The
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Figure 15: Solution Process for Mesh Correction

computational structure is deliberately made to follow the basic architecture of the fluid
solver and structural solver. When a mesh correction is required, the subroutine solgmrALE
is called from dtrdro.

Solgmrale solves the basic linear static structural displacement problem by forming
a global stiffness matrix K through a call to the subroutine elmgrmALE. Displacment
boundary condition force modification is then used to determine the applied forces for the
system, and the correct displacement solution to satisfy the stiffness equation is found
using the GMRES method.

The subroutine elmgrmALE contains a loop over the element blocks. Within the loop,
a call is made to the subroutine asigmrALE, where the assembly of the global stiffness
matrix and reduction for conversion to displacement force boundary conditions occurs.
Asigmrale localizes the mesh coordinate data, and calls the subroutine e3ALFE to form
element stiffness matrices. These stiffness matrices are then assembled the global stiffness
matrix using the subroutine fillsparseALE. The block diagonal of the global stiffness matrix
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is also formed as BDiagALEl and assembled the global block diagonal, BDiagALE.

The element stiffness is modified based on the element volume so that the smaller ele-
ments are stiffer and experience lesser deformations. This is done by giving identical Lamé
constants for all elements, and modifying these constants by dividing by the determinant of
the Jacobian of the element. Smaller elements have a smaller determinant of the Jacobian,
and thus retain more stiffness than larger elements.

Modification of the equations for displacement force boundary conditions occurs in two
phases. The first phase occurs during assembly from local to global stiffness matrix. Dur-
ing this assembly process in the subroutine fillsparseALE, a check is used to determine
where the PHASTA input variable scalar 3 is set. Wherever this variable is set, displace-
ment boundary conditions are assumed. The rows of the stiffness matrix corresponding
to these nodes are set to zero on off diagonal terms and one on the diagonal. The force
vector for the mesh deformation is then modified so that force terms are set equal to pre-
scribed displacements. The result is a reduced system with trivial equations for prescribed
nodal displacements. The altered sparse matrix is then multiplied by the prescribed dis-
placement vector to determine the corresponding force vector for the solution. The second
phase is the reduction of the columns of the sparse stiffness matrix corresponding to pre-
scribed displacements. The subroutine fullreduceALE is used to accomplish this. With
the corresponding displacement boundary condition force vector formed and the system of
equations fully reduced, the correct prescribed displacement boundary condition solution
can be solved for.

3.5 Interfaces

The creation of several interfaces for the communication between the fluid solver, the struc-
tural solver, and the mesh corrector was necessary. These interfaces all require knowledge
of the nodes which apply to the respective physics. This was accomplished by implementing
a new subroutine, divvyibc. This subroutine loops through the global nodes and identifies
nodes that belong to both the structural and fluid solver. These nodes are placed in the
array FSmap, which identifies the relation of the fluid node number to the corresponding
structure node number, and is zero when an interface is not present. The subroutine flux is
used to determine aerodynamic forces in a given time step, and a new subroutine forcesxzto-
forcesxs was used to map these forces to the appropriate structure nodes. After completion
of the structural solver, the new subroutine itrdbcale uses the structural displacements as
prescribed displacement boundary conditions for the mesh, and passes these values to the
mesh corrector.
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4 Results

4.1 Verification

To complete the overall solution of any FSI problem, the solver must solve the fluid equa-
tions, apply aerodynamic forces to the structural body, solve the structural dynamics
equations, apply displacements to the mesh, correct the mesh to maintain positive volumes
throughout the displacement, and adapt the fluid equations for mesh displacement. This
means there are three solvers that must work, and three interfaces between solvers. For
this purpose, a series of unit tests were performed to ensure that each solver and interface
were working as expected. To verify the fluid solution, a simple unit problem was com-
pared after modification of the code to ensure that the fluid solution was the same within
machine tolerance to an unmodified version of PHASTA.
The other unit tests are discussed in more detail.

4.2 Verification of ALE Fluid Solution

Two unit tests were performed to verify the ALE adaptation of the fluid equations. One
unit test was performed to determine if the solution of a simple Poiselle flow problem in a
0.1m cube could be performed with prescribed mesh displacements and velocities on interior
nodes to match the solution of the same problem with no mesh displacement or velocity.
This ensures that the fluid solver correctly accounts for mesh velocity in determining the
fluid solution. The test case is shown in Figure 16.

For the test, the Poiselle flow test case was run with no mesh velocity to produce a
baseline solution. Next, mesh velocities were added to the interior nodes in a direction
parallel to the flow, with the displacement highest in the center. The displacement was
assigned using a sin function varying with time step number:

—(0.1 = z)xsin((0.1)n — 1) (79)

The fluid solver was able to correctly resolve the solution with these mesh velocities,
confirming that the ALE modification allows PHASTA to account for non-zero mesh ve-
locity and displacement.

The second unit test for the ALE modification was to perform displacement of the
boundary to determine if fluid velocity was correctly altered by a moving boundary. The
code is designed only to implement moving boundaries on the fluid structure interface,
where a no slip boundary condition will be present. This means that fluid velocity that is
non-zero relative to the frame of the fluid-structure boundary will be non-zero relative to
the fluid frame when the structure is moving. This velocity must be imparted to the fluid.

To verify that this is occurring, a test case of static flow within a 1m cube was created.
Within the center of the cube is a cylinder with a 10cm diameter. This cylinder is displaced
to simulate a moving structure boundary. The case produces a flow velocity in the same
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Figure 16: Poiselle Test Case for Prescribed Mesh Motion

direction of the displacement of the cylinder, verifying that no slip boundary velocities are
imparted to the flow.
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Figure 17: Demonstration of Velocity Imparted to Flow from Moving Boundary
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4.3 Verification of Structural Model and Solutions

The first step in verification of the structural solution was verification that the mass and
stiffness matrices formed by the solver were correct. This was done.

A simple test case of a 0.1m cube under compression was used to verify the solution
of the structural model. These results were compared to the static solution of the same
case and the dynamic results from FEAPpv[11]. A two dimensional representation of the

problem rendered by FEAPpv is shown in Figure 18.

DISPLACEMENT 1

-5.80E-06
-4.18E-06
-2.51E-06
-8.35E-07
8.35E-07
2.51E-06
4.18E-06
5.89E-06
Current View
Min = -5.85E-06
X =0.00E+00
¥ = 1.00E-01
Z=1.00E-01
Max = 5.859E-06
¥ =0.00E+00

¥ = 0.00E+00
Z = 0.D0E+00

Time = 2.00E-02

Figure 18: Test Problem with Boundary Conditions from FEAPpv

The cube is given a modulus of elasticity of 195000 Pa with a Poisson ratio of 0.265. A
force of the cube in the positive direction of 0.1N is placed on each corner of the cube on
the face x=0. The face x=0.1 is constrained with a zero displacement boundary condition.
The static solution of the displacement in one dimension can be found from:

_FL
T AE

The maximum displacement from the dynamic results will be larger, and oscillate
near this static equilibrium value. Time varying displacement of the solution returned by
the structural solver are compared with time varying solutions of displacement returned
from FEAPpv. The structural solver implemented in PHASTA uses the generalized alpha
method with time integration constants oy and a,,equal to one, which is equivalent to
the Newmark method used by FEAPpv. These results are on the same order of magni-
tude and exhibit similar behavior. The time step was 100 micro-seconds for both solvers.

) (80)
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The volume was meshed with one hexahedra in fear and four hexahedra in PHASTA. The
maximum displacement returned by FEAPpv was 109.6 micrometers, while the maximum
displacement returned by PHASTA was 89.2 micrometers. Differences are the result of
variation in the mesh formed by FEAPpv and the mesh formed for PHASTA, and are
within the second order of accuracy expected. The frequency of oscillation of the structure
returned by FEAPpv is approximately 47.4 Hz, while the frequency of oscillation from
PHASTA results is approximately 50 Hz. Results are similar enough to grant confidence
that the structural solver implemented in PHASA is working as expected. The results from
PHASTA and FEAPpv are shown in Figure 19.

w10 Fesults forTest Case at=0.0001
T T T

Tip Cizplacement [m)

0025

tirnie

Figure 19: Structural Dynamics Test Case Results from FEAPpv (solid) and Phasta
(dashed)

These results verify the structural solver is able to resolve a simple test problem with
small displacements.
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4.4 Verification of Mesh Correction

The mesh must correct due to deformation caused by structural displacements to prevent
inversion of volume elements, which would invalidate the solution. This is verified in a
unit test in which the wall of a 0.1m cube is displaced in the x direction. The nodal
displacements calculated by the mesh correction must not result in inversion of volume
elements while accounting for prescribed displacements. Further, the mesh displacement
must maintain prescribed zero displacement boundary conditions, which for this test case
was all other faces of the cube.

The test was successful in meeting these criteria for the test case until a deformation
of approximately 0.025m was enforced. This is approximately the length of the largest
elements on the deforming boundary. Beyond this point, boundary conditions could no
longer be satisfied. The test was successful in demonstrating successful mesh correction for
small displacements. The mesh corrections calculated up to the point of failure are shown
in the Figure 20
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4.5 Verfication of Fluid Structure Interaction Behavior

A simple unit test was created to verify fluid and structure sections of the mesh were
separated correctly and assigned to the correct solver. This test was also used to verify
the interface of the solvers between each other. These interfaces consist of the passing of
the aerodynamic forces from the structural solver to the fluid solver, the passing of the
structural displacements to the mesh correction, and the passing of mesh velocities to the
fluid solver. The geometry of the model is shown in Figure 21.

-

Figure 21: Interface Verification Test Geometry

The test consists of a simple Im box with stagnant flow for the fluid. On the face of
the box where y=0, a structure consisting of a Imxlmxlcm plate is attached. The fluid
interface was confirmed to be working by verifying a total force of 101300 Pa, the pressure
in the fluid section, was passed to the structure nodes. The mesh interface was confirmed
to be working when the resolved structural displacements were passed to the mesh. This
test demonstrates that all the interfaces are working correctly and that the solvers are able
to operate in conjunction.

A second verification test for fluid structure interaction behavior was to place a bluff
structural body in a cross flow. For this test, a square cylinder with a length of 10cm and
height of 20cm was placed in a crossflow with 1m/s velocity. Zero displacement boundary
conditions were placed on the nodes on the square edges of the cylinder. The reaction
of the center of the cylinder to aerodynamic forces present is shown in Figure 22. In the
figure, the center of the cylinder is the small square section enclosed by zero velocity four
elements high by four elements wide.
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Figure 22: Deflection of Square Cylinder due to Aerodynamic Forces
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5 Conclusions

The data structures necessary to implement fluid structure interaction in PHASTA using
an added structural solver and mesh correction are detailed in this document. On a broad
level, this consists of creating a structural dynamics solver, creating a mesh corrector,
and modifying PHASTA to use an ALE formulation for fluid dynamics. These routines
were implemented and tested. These new subroutines are able to add limited capability
to PHASTA to solve linear dynamic structural problems. The mesh is capable of correct-
ing for small displacements of boundaries to prevent inversion of volume elements. The
high fidelity computational fluid dynamics capabilities of PHASTA are maintained. This
approach is limited in scope so that problems of engineering interest concerning fluid struc-
ture may not be resolved adequately. This is largely due to the simplicity of the structural
solver and the mesh correction approach limiting the regime of structural dynamics in
which valid results will be returned. However, the data structure created are valid for a
more robust structural system, and demonstrate that the capability of PHASTA to solve
loosely coupled fluid structure interaction problems. Additional work on the implemen-
tation of PHASTA for FSI should include adding capability to the pre-processor to allow
material flagging so that structural elements are not constrained to linear hexahedra, as
well as adding structural and mesh boundary conditions to the input. Additionally, the
subroutines should allow parallelization. Since the subroutines closely follow the hierarchy
and data structures of PHASTA, this implementation can be accomplished. Issues such as
appropriate load balancing and iteration behavior still need to be examined. With further
work to include a more robust generalized dynamics structural solver and mesh correction
routine, as well as parallelizing the data structures present, application of engineering in-
terest concerning fluid structure interaction could be resolved with high fidelity using this
approach.
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6 Appendix A: Stiffness Matrix Verification

This simple test program for the formulation of the element stiffness matrix was written
for a square hexahedra element with length 0.5 on each edge.

)
%hexr stiffness test

mu= 7.617e+10
lambda= 9.695e-+10
WdetJ=1.5625E—-05

D=[lambda+2*mu, lambda ,lambda ,0 ,0,0;lambda ,lambda+2mu, lambda
,0,0,0;...
lambda ,lambda , lambda+2xmu,0,0,0;0,0,0 ,mu,0,0;,0,0,0,0,mu
,0;0,0,0,0,0 ,muj;

0;...
1,0;...
1

X=[0.1,-0
0.05, :
0.05, .0
0.1,-0.1,0.05;
0.1,-0.05,0;...
0.05,—0.05,0;...
0.05,-0.05,0.05;...
0.1,-0.05,0.05];

1,
~0.
~0. 5;...
5;...

%int 1

xi=—1/sqrt (3) ;
eta=—1/sqrt (3) ;
mu=—1/sqrt (3) ;

[N11,N12,N13,N21,N22 N23,N31,N32,N33,N41,N42,N43,N51,N52,N53 , . . .
N61,N62,N63,N71,N72 /N73,N81,N82,N83]=shapefunctionderiv8 (xi,
eta ,mu,X)

[xxi,xeta ,xmu, yxi,yeta ,ymu, zxi ,zeta ,zmu|=shapexderivs (X, N11,N12,
N13,...
N21,N22,N23,N31,N32,N33,N41,N42, N43,N51,N52 ,N53 , . . .
N61,N62,N63,N71,N72,N73,N81,N82,N83, xi, eta ,mu);
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[ NR11,NRI2,NR13,. ..
NR21,NR22,NR23,NR31,NR32,NR33,NR41,NR42, NR43,NR51, NR52, NR53

NR61,NR62,NR63,NR71,NR72,NR73,NR81,NR82,NR83|=shapederivsreal
(X, N11,N12,N13,...

N21,N22,N23,N31,N32,N33,N41,N42,N43,N51,N52,N53 | . ..

N61,N62,N63,N71,N72 ,N73,N81,N82,N83, xi, eta ,mu,xxi,xeta ,xmu
,yxi,yeta ,ymu, zxi,zeta ,zmu) ;

Bil = makestiffB (NR11,NR12,NR13,NR21,NR22,NR23,NR31,NR32, NR33,
NR41,NR42,NR43,NR51 , . ..
NR52,NR53,NR61,NR62,NR63,NR71,NR72,NR73,NR81,NR82,NRS83) ;
Bilt=transpose (Bil);

k1=WdetJx«Bilt«DxBil ;

%int 2
xi=—1/sqrt (3) ;
eta=—1/sqrt (3);
mu=1/sqrt (3)

7

[N11,N12,N13,N21,N22 ,N23,N31,N32,N33,N41,N42 ,N43 ,N51,N52 ,N53 ;. ..
N61,N62,N63,N71,N72 /N73,N81,N82,N83]=shapefunctionderiv8 (xi,
eta ,mu,X)

[xxi,xeta ,xmu, yxi,yeta ,ymu, zxi , zeta ,zmu]=shapexderivs (X, N11,N12,
N13,...
N21,N22,N23,N31,N32,N33,N41,N42, N43 ,N51,N52,N53 , . . .
N61,N62,N63,N71,N72,N73,N81,N82,N83, xi, eta ,mu);

[ NR11,NR12,NR13, ...
NR21,NR22,NR23,NR31,NR32,NR33, NR41,NR42, NR43,NR51,NR52, NR53

NR61,NR62,NR63,NR71,NR72,NR73,NR81,NR82,NR83|=shapederivsreal
(X, N11,N12,N13,...

N21,N22,N23,N31,N32,N33,N41,N42,N43 ,N51,N52,N5H3, ...

N61,N62,N63,N71,N72 ,N73,N81,N82 ,N83, xi, eta ,mu,xxi,xeta,xmu

,yxi,yeta ,ymu, zxi,zeta ,zmu) ;

Bi2 = makestiffB (NR11,NR12,NR13,NR21,NR22,NR23,NR31,NR32,NR33,
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NR41,NR42,NR43,NR51 , . . .
NR52,NR53,NR61,NR62, NR63, NR71,NR72, NR73, NR81, NR82, NRS3) ;

Bi2t=transpose (Bi2);

k2=WdetJxBi2t«D«Bi2 ;
%int 3

xi=—1/sqrt (3) ;
eta=1/sqrt (3) ;
mu=—1/sqrt (3) ;

[N11,N12,N13,N21,N22,N23,N31,N32,N33,N41,N42 ,N43 ,N51,N52 ,N53 . ..
N61,N62,N63,N71,N72 /N73,N81,N82,N83]=shapefunctionderiv8 (xi,
eta ,mu,X)

[xxi,xeta ,xmu, yxi,yeta ,ymu, zxi ,zeta ,zmu]=shapexderivs (X, N11,N12,
N13, ...
N21,N22,N23,N31,N32,N33,N41,N42,N43,N51,N52 ,N53 , . . .
N61,N62,N63,N71,N72,N73,N81,N82,N83, xi, eta ,mu);

[ NR11,NR12,NR13, ...
NR21,NR22,NR23,NR31,NR32,NR33, NR41,NR42, NR43, NR51,NR52, NR53

NR61,NR62,NR63,NR71,NR72,NR73,NR81,NR82,NR83|=shapederivsreal
(X, N11,N12,N13,...

N21,N22,N23,N31,N32,N33,N41,N42,N43 ,N51,N52,N53 , . ..

N61,N62,N63,N71,N72 /N73,N81,N82 ,N83, xi, eta ,mu,xxi,xeta ,xmu
,yxi,yeta ,ymu, zxi,zeta ,zmu) ;

Bi3 = makestiffB (NR11,NR12,NR13,NR21,NR22,NR23,NR31,NR32,NR33,

NR41,NR42,NR43,NR51 , . . .
NR52,NR53,NR61,NR62,NR63,NR71,NR72,NR73,NR81,NR82,NR83) ;

Bi3t=transpose (Bi3);

k3=WdetJxBi3t+«D*Bi3;

%int 4

xi=—1/sqrt (3) ;

eta=1/sqrt (3);

mu=1/sqrt (3);

[N11,N12,N13,N21,N22,N23,N31,N32,N33,N41,N42,N43 ,N51,N52,N53 | . ...
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N61,N62,N63,N71,N72,N73,N81,N82,N83]=shapefunctionderivs (xi,
eta ,mu,X)

[xxi,xeta ,xmu, yxi,yeta ,ymu, zxi,zeta ,zmu]=shapexderivs (X, NI11,N12,
N13, ...
N21,N22,N23,N31,N32,N33,N41,N42, N43,N51,N52,N53 , . . .
N61,N62,N63,N71,N72,N73,N81,N82,N83, xi, eta ,mu);

[ NR11,NRI2,NR13, ...
NR21,NR22,NR23,NR31,NR32,NR33,NR41,NR42, NR43,NR51,NR52, NR53

NR61,NR62,NR63,NR71,NR72,NR73,NR81,NR82,NR83]=shapederivsreal
(X, N11,N12,N13,...

N21,N22,N23,N31,N32,N33,N41,N42 N43 ,N51,N52,N53, ...

N61,N62,N63,N71,N72,N73,N81,N82,N83, xi, eta ,mu,xxi,xeta ,xmu
,yxi,yeta ,ymu, zxi ,zeta ,zmu) ;

Bi4 = makestiffB (NR11,NR12,NR13,NR21,NR22,NR23,NR31, NR32, NR33,
NR41,NR42,NR43,NR51 , . . .
NR52,NR53,NR61,NR62,NR63,NR71,NR72,NR73,NR81,NR82,NR83) ;
Bidt=transpose (Bi4);
k4=WdetJxBidt «DxBi4 ;
%int 5

xi=1/sqrt (3) ;
eta=—1/sqrt (3);
mu=—1/sqrt (3)

)

[N11,N12,N13,N21,N22,N23,N31,N32 N33, N41,N42,N43 ,N51,N52,N53 , . . .
N61,N62,N63,N71,N72,N73 ,N81,N82 ,N83]=shapefunctionderiv8 (xi,
eta ,mu,X)

[xxi,xeta ,xmu, yxi,yeta ,ymu, zxi,zeta ,zmu]=shapexderivs (X, N11,N12,
N13,. ..
N21,N22,N23,N31,N32,N33,N41,N42, N43,N51,N52 ,N53 , . . .
N61,N62,N63,N71,N72,N73,N81,N82,N83, xi, eta ,mu);

[ NR11,NR12,NR13, ...
NR21,NR22,NR23,NR31,NR32,NR33,NR41, NR42, NR43, NR51,NR52, NR53

NR61,NR62,NR63,NR71,NR72,NR73,NR81,NR82,NR83|=shapederivsreal
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(X, N11,N12,N13,...
N21,N22,N23,N31,N32,N33,N41,N42,N43 ,N51,N52,N53 , . ..
N61,N62,N63,N71,N72,N73,N81,N82,N83, xi, eta ,mu,xxi,xeta,xmu

,yxi,yeta ,ymu, zxi ,zeta ,zmu) ;

Bi5 = makestiffB (NR11,NR12,NR13,NR21,NR22, NR23,NR31,NR32, NR33,
NR41,NR42, NR43,NR51 , . . .
NR52,NR53,NR61,NR62,NR63,NR71,NR72,NR73,NR81,NR82,NR83) ;
Bist=transpose (Bi5);
k5=WdetJxBi5t «DxBi5 ;
%int ©

xi=1/sqrt (3) ;
eta=—1/sqrt (3);
mu=1/sqrt (3);

[N11,N12,N13,N21,N22 ,N23,N31,N32,N33,N41,N42 ,N43 ,N51,N52,N53 ;. ..
N61,N62,N63,N71,N72 /N73,N81,N82,N83]=shapefunctionderiv8 (xi,
eta ,mu,X)

[xxi,xeta ,xmu, yxi,yeta ,ymu, zxi,zeta ,zmu]=shapexderivs (X, NI11,N12,
N13,...
N21,N22,N23,N31,N32,N33,N41,N42, N43 ,N51,N52,N53 , . . .
N61,N62,N63,N71,N72,N73,N81,N82,N83, xi, eta ,mu);

[ NR11,NR12,NR13,...
NR21,NR22,NR23,NR31,NR32,NR33,NR41,NR42, NR43,NR51, NR52, NR53

NR61,NR62,NR63,NR71,NR72,NR73,NR81,NR82,NR83|=shapederivsreal
(X, N11,N12,N13,...

N21,N22,N23,N31,N32,N33,N41,N42 N43,N51,N52,N5H3 ;...

N61,N62,N63,N71,N72,N73,N81,N82 ,N&83, xi, eta ,mu,xxi,xeta,xmu
,yxi,yeta ,ymu, zxi ,zeta ,zmu) ;

Bi6 = makestiffB (NR11,NR12,NR13,NR21,NR22,NR23,NR31, NR32, NR33,
NR41,NR42,NR43,NR51 , . ..
NR52,NR53,NR61,NR62,NR63,NR71,NR72,NR73,NR81,NR82,NR83) ;
Bi6t=transpose (Bi6) ;
k6=WdetJ*Bi6t *Dx*Bi6 ;
Y%int 7
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xi=1/sqrt (3);
eta=1/sqrt (3) ;
mu=—1/sqrt (3)

)

[N11,N12,N13,N21,N22 N23,N31,N32, N33, N41,N42,N43,N51,N52,N53 , . ..
N61,N62,N63,N71,N72,N73,N81,N82,N83]=shapefunctionderivs (xi,
eta ,mu,X)

[xxi,xeta ,xmu, yxi,yeta ,ymu, zxi,zeta ,zmu]=shapexderivs (X, N11,N12,
N13, ...
N21,N22,N23,N31,N32,N33,N41,N42, N43,N51,N52 ,N53 , . . .
N61,N62,N63,N71,N72,N73,N81,N82,N83, xi, eta ,mu);

[ NR11,NRI2,NR13, ...
NR21,NR22,NR23,NR31,NR32,NR33,NR41,NR42, NR43,NR51,NR52, NR53

NR61,NR62,NR63,NR71,NR72,NR73,NR81,NR82,NR83|=shapederivsreal
(X, N11,N12,N13,...

N21,N22,N23,N31,N32,N33,N41,N42,N43,N51,N52,N53 , . . .

N61,N62,N63,N71,N72 /N73,N81,N82,N83, xi, eta ,mu,xxi,xeta ,xmu
,yxi,yeta ,ymu, zxi ,zeta ,zmu) ;

Bi7 = makestiffB (NR11,NR12,NR13,NR21,NR22,NR23,NR31,NR32,NR33,
NR41,NR42,NR43,NR51 , . . .
NR52,NR53,NR61,NR62,NR63,NR71,NR72,NR73,NR81,NR82,NR83) ;
Bi7t=transpose (Bi7);
k7=WdetJxBi7t«D*xBi7 ;
%int 8

xi=1/sqrt (3);
eta=1/sqrt (3) ;
mu=1/sqrt (3) ;

[N11,N12,N13,N21,N22,N23,N31,N32,N33,N41,N42,N43,N51,N52 N53 , . ..
N61,N62,N63,N71,N72 /N73,N81,N82,N83]=shapefunctionderiv8 (xi,
eta ,mu,X)

[xxi,xeta ,xmu, yxi,yeta ,ymu, zxi ,zeta ,zmu]=shapexderivs (X, N11,N12,

N13,...
N21,N22,N23,N31,N32,N33,N41,N42,N43 ,N51,N52,N53 , . ..
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N61,N62,N63,N71,N72,N73,N81 ,N82 N83, xi, eta ,mu);

[ NR11,NRI2,NR13, ...
NR21,NR22,NR23,NR31,NR32,NR33,NR41,NR42, NR43,NR51,NR52, NR53

NR61,NR62,NR63,NR71,NR72,NR73,NR81,NR82,NR83|=shapederivsreal
(X, N11,N12,N13,...

N21,N22,N23,N31,N32,N33,N41,N42,N43,N51,N52,N53 , . . .

N61,N62,N63,N71,N72,N73,N81,N82,N83, xi, eta ,mu,xxi,xeta,xmu
,yxi,yeta ,ymu, zxi,zeta ,zmu) ;

Bi8 = makestiffB (NR11,NR12,NR13,NR21,NR22,NR23,NR31,NR32,NR33,
NR41,NR42,NR43,NR51 | . . .
NR52,NR53,NR61,NR62,NR63,NR71,NR72,NR73,NR81,NR82,NRS83) ;
Bi8t=transpose (Bi8);

k8=WdetJ*Bi8t *Dx* Bi8 ;
KH=k1+k2+k3+k4+k5+k6+k7+kS ;

\begin{lstlisting}
function | NRI11,NR12,NR13,...
NR21,NR22,NR23,NR31,NR32,NR33,NR41,NR42,NR43 ,NR51,NR52,NR53

NR61,NR62,NR63,NR71,NR72,NR73,NR81,NR82,NR83|=shapederivsreal
(X, N11,N12,N13,...

N21,N22,N23,N31,N32,N33,N41,N42,N43,N51,N52,N53, ...

N61,N62,N63,N71,N72,N73,N81,N82,N83, xi, eta ,mu,xxi,xeta,xmu
,yxi,yeta ,ymu,zxi,zeta ,zmu)

J=[xxi,xeta ,xmu;yxi,yeta ,ymu;zxi,zeta ,zmu];

j=det (J);

cofll=yetaxzmu—ymuxzeta ;
cofl2=ymuxzxi—yxi*zmu;

cofl3=yxixzeta—zxixyeta;
cof2l=zeta*xmu—zmux*xeta ;
cof22=zmu*xxxi—zxi*xmu;

cof23=zxi*xeta—xxi*zeta
cof3l=xetaxymu—xmuxyeta ;
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cof32=xmux yxi—xxi*ymu;
cof33=xxixyeta—yxixxeta;

%j=xxixcofll+zetaxcofl2+xmuxcofl3;

NR11=(N11%cofl114N12xcofl12+N13%xcofl3)/j;
NR12=(N1l%cof214N12xcof22+N13xcof23)/j;
NR13=(N11#cof31+N12+cof32+N13xcof33)/j;

NR21=(N21%cofl114N22xcof12+N23%xcofl3)/j;
NR22=(N21%cof214+N22xcof22+N23xcof23)/j;
NR23=(N21xcof31+N22xcof32+N23xcof33)/j;

NR31=(N31%xcofl14N32xcof12+N33xcofl3)/j;
NR32=(N31%cof214N32xcof22+N33%cof23)/j;
NR33=(N31xcof314+N32xcof32+N33xcof33)/j;

NR41=(N41xcofl114N42xcof12+N43xcofl3)/j;
NR42=(N41%cof214+N42xcof22+N43*xcof23)/j;
NR43=(N41xcof314+N42xcof32+N43xcof33)/j;

NR51=(N51%cofl14+N52xcof124+N53%cofl3)/j;
NR52=(N51%cof21+N52xcof22+N53xcof23)/j;
NR53=(N51%cof314N52xcof32+N53*xcof33)/j;

NR61=(N61%cofl114N62xcofl12+N63*cofl3)/j;
NR62=(N61%cof214+N62xcof22+N63xcof23)/j;
NR63=(N61cof314N62+ cof32+N63+ cof33) /] ;

NR71=(N71%cof114N72xcofl12+N73%xcofl3)/j;
NR72=(N71%cof214N72xcof22+N73%xcof23)/j;
NR73=(N71%cof314N72xcof32+N73%xcof33)/j;

NR81=(N81xcofl1+N82«cof12+N83xcofl3)/j;
NR82=(N81%cof214+N82xcof22+N83xcof23)/j;
NR83=(N81xcof31+N82«cof32+N83xcof33)/j;

5

function [xxi,xeta ,xmu,yxi,yeta ,ymu,zxi,zeta ,zmu]=shapexderivs (X,
N11,N12,N13, ...
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N21,N22,N23,N31,N32,N33,N41,N42,N43 ,N51,N52,N53 | . .
N61,N62,N63,N71,N72 N73,N81,N82,N83, xi, eta ,mu)

x1=X(1,1);
x2=X(2,1);
x3=X(3,1);
x4=X(4,1);
x5=X(5,1);
x6=X(6,1);
x7=X(7,1);
x8=X(8,1);
y1=X(1,2);
y2=X(2,2);
y3=X(3,2);
y4=X(4,2);
y5=X(5,2) ;
y6=X(6,2) ;
y7=X(7,2);
y8=X(8,2);
z1=X(1,3);
z2=X(2,3) ;
23=X(3,3) :
z4=X(4,3) ;
z5=X(5,3);
z6=X(6,3) ;
27=X(7,3) ;
z8=X(8,3) ;

xxi = x1*NI114+x2xN214+x3*N314+x4*N41+x5*N51+x6x*N61+x7*N714+x8«N8&1 ;
xeta = x1xN124+x2xN224x3*N32+x4 %« N42+x5xNH24+x6x«N62+x T *N72+x8 +« N82 ;
xmu = X1%N134+x2xN23+x3*N33+x4*xN43+x5 %« NH3+x6 %« N63+x7*xNT73+x8«N83 ;

yxi = y1«N114+y2+«N21+y3xN31+y4*«N41+y5xN514+y6«N614+y 7+« NT71+y8+«N81 ;
veta = ylxN124y2xN224+y3«N324y4x*N42+y5+xN52+y6x«N62+y 7+« N72+y8«N82 ;
ymu = y1xN13+y2xN234+y3«N33+y4x*N43+y5xN53+y6xN63+y7xN73+y8«N83 ;
zxi = z1x*N11+2z2%xN214+23 *N314+24 *N414+z5+xN51+2z6 *N61+27 *N714+z8 *N&81 ;

zeta = z1xN124+2z2xN22+42z3xN32+24 *N424-25«N52+7z6 xN62+2z7 *N72+z8 *N82 ;
zmu = 7z1xN13+2z2+*N23+23+%*N33+24xN43+25*«N53+2z6 *N63+27+«*N73+z8 x«N83 ;
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5

function [N11,N12,N13,N21,N22,N23,N31,N32,N33,N41,N42,N43,N51,N52
N53,
N61,N62,N63,N71,N72 ,N73 ,N81,N82,N83]=shapefunctionderiv8 (xi
eta ,mu,X)

%calculate the shape function derivatives at an integration point
in weight

%space

J%ex N11 is dN1/dxzi, N12 is DNI/deta, N13 is dN1/dmu

N11=-1/8«(1—eta)*(1—mu) ;
N12=—1/8%(1—xi)*(1—mu) ;
N13=—1/8%(1—xi)*(1—eta);
N21=1/8«(1—eta)*(1—mu);
N22=—1/8%(14+x1i)*(1—mu) ;
N23=—1/8%(1+xi)*(1—eta);
N31=1/8%(14eta)*(1—mu) ;
N32=1/8(1+xi)*(1—mu) ;
N33=—1/8+(14+xi)*(1+eta);

N41=-1/8«(1+eta ) *(1—mu) ;
N42=1/8(1—xi)*(1—mu) ;
N43=—1/8«(1—xi)*(1+eta);
N51=—1/8+(1—eta)*(1+mu) ;
N52=—1/8%(1—x1i)*(1+4mu) ;
N53=1/8«(1—xi)*(1—eta);
N61=1/8«(1—eta)*(1+mu) ;
N62=—1/8+(1+x1)*(1+mu) ;
N63=1/8%(14+xi)*(1—eta);
N71=1/8«(1+eta ) *(1+mu) ;
N72=1/8%(14+x1i ) *(1+mu) ;
N73=1/8+(14+xi)*(1+eta);
N81=—1/8+(14+eta)*(1+mu) ;
N82=1/8x(1—x1i)*(1+mu) ;
N83=1/8%(1—xi)*(1+eta);

5
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function B = makestiffB(nll,nl12,n13,n21,n22,n23,n31,n32,n33,n41,
n42 ,n43,n51,n52,1n53,n61,n62 ,0n63,n71,n72,n73,n81,n82,n83)

B=[n11,0,0,n21,0,0,n31,0,0,n41,0,0,n51,0,0,n61,0,0,n71,0,0,n81

,0,0;...

0,n12,0,0,n22,0,0,n32,0,0,n42,0,0,n52,0,0,n62,0,0,n72,0,0,n82
,05...

0,0,n13,0,0,n23,0,0,n33,0,0,n43,0,0,n53,0,0,n63,0,0,n73,0,0,
n83 ;...

0,n13,n12,0,n23,n22,0,n33,n32,0,n43 ,n42,0,n53,1n52,0,n63,n62
,0,n73,n72,0,n83,n82 ;...

nl3,0,n11,n23,0,n21,n33,0,n31,n43,0,n41,n53,0,n51,n63,0,n61,
n73,0,n71,n83,0,n81 ;...

nl2,n11,0,n22,n21,0,n32,n31,0,n42,n41,0,n52,n51,0,n62,n61,0,
n72,n71,0,n82,n81,0];

7 Appendix B: ALE Modified Transformation Matrices

Subroutine e3mtrx modified for ALE
Summary of changes: ui replaced by (ui - xdoti) in the advective term.

5
subroutine e3mtrx (rho, pres , T,
& el h, alfap ,
& betaT, cp, rk,
& ul, u?, u3,
& A0, Al,
& A2, A3,
& e2p, e3p, edp ,
& drdp, drdT, AODC,
& AQinv, dVdY,xdotl,xdotl, 6 xdot2,xdot3)

C

¢
¢ input:

This routine sets up the necessary matrices at the integration
point .
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¢ rho (npro) density

¢ pres (npro) pressure

c T (npro) temperature

c el (npro) internal energy

¢ h (npro) enthalpy

¢ alfap (npro) expansivity

¢ betaT (npro) isothermal compressibility
c cp (npro) specific heat at constant pressure
c ¢ (npro) speed of sound

¢ rk (npro) kinetic energy

¢ ul (npro) xl—velocity component

c u2 (npro) x2—velocity component

¢ u3 (npro) x3—velocity component

¢

¢ output:

c A0 (npro,nflow ,nflow) : A0 matrix

¢ Al (npro,nflow ,nflow) : A_1 matrix

c A2 (npro,nflow ,nflow) : A_2 matrix

¢ A3 (npro,nflow ,nflow) : A3 matrix

c

¢ Note: the definition of the matrices can be found in
c thesis by Hauke.

¢

¢ Zdenek Johan, Summer 1990. (Modified from e2mtrx.f)
¢ Zdenek Johan, Winter 1991. (Fortran 90)

¢ Kenneth Jansen, Winter 1997 Primitive Variables

¢

(e}

include ”common.h”

passed arrays

(e e NN eIl

dimension rho(npro), pres(npro) ,
T(npro), ei(npro),
h(npro) , alfap (npro),
betaT (npro) ,
cp (npro)
rk (npro) ,

&
&
&
&
&
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& ul (npro) , u2(npro) ,
& u3(npro) , factl (npro),
& AO(npro , nflow ,nflow) , dVdY (npro,15) ,
& Al(npro,nflow ,nflow) , A2(npro ,nflow ,nflow) ,
& A3(npro ,nflow ,nflow) , AODC(npro ,4) ,
& AQinv (npro,15) , d(npro) ,
& fact2 (npro), sl (npro),
& elbar(npro), e2bar (npro),
& e3bar (npro) , e4bar (npro) ,
& ebbar (npro), clbar(npro),
& c¢2bar (npro) , cv(npro),
& c3bar (npro), ul2(npro),
& u3l (npro) , u23(npro)

c

¢ local work arrays that are passed shared space

c

dimension e2p(npro),

& e3p (npro) , edp (npro) ,
& drdp (npro) , drdT (npro)

¢ DEP added variables
dimension xdotl(npro, nenl,nsd), xdotl(npro),xdot2(npro),
xdot3 (npro)
¢ end DEP added

ttim (21) = ttim (21) — secs (0.0)

c
c. initialize
c
A0 = zero
Al = zero
A2 = zero
A3 = zero
c
c. set up the constants
c
c
drdp = rho * betaT
drdT = —rho % alfap
AO(:,5,1) = drdp * (h 4+ rk) — alfap = T I elp
c AO0(:,5,1) = drdp % (ei + rk) + betaT x pres — alfap = T
I elp
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e2p = A0(:,5,1) + one
e3p = rho % ( h + rk)
edp = drdT * (h 4+ rk) + rho * cp
c
c
c. Calculate A0
c
A0(:,1,1) = drdp
c AO(:,1,2) = zero
¢ A0(:,1,3) = zero
c A0(:,1,4) = zero
AO(:,1,5) = drdT
c
A0(:,2,1) = drdp * ul
A0(:,2,2) = rho
A0(:,2,3) = zero
A0(:,2,4) = zero
A0(:,2,5) = drdT % ul
c
A0(:,3,1) = drdp * u2
c A0(:,3,2) = zero
A0(:,3,3) = rho
c A0(:,3,4) = zero
A0(:,3,5) = drdT * u2
c
A0(:,4,1) = drdp * u3
A0(:,4,2) = zero
A0(:,4,3) = zero
AO(:,4,4) = rho
AO(:,4,5) = drdT * u3
c
covered above AO0(:,5,1) = drdp * ul
A0(:,5,2) = rho * ul
A0(:,5,3) = rho % u2
AO(:,5,4) = rho * u3
AO(:,5.,5) = edp
c
flops = flops + 67xnpro
c
¢.... Calculate A—tilde —1, A—tilde —2 and A—tilde —3
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Al(:,1,1)
Al(:,1,2)
Al(:,1,3)
AL(:,1,4)
Al(:,1,5)
AL(:,2,1)
AL(:,2,2)
A1(:,2,3)
Al(:,2.,4)
Al(:,2,5)
Al(:,3,1)
A1(:,3,2)
A1(:,3,3)
A1(:,3,4)
A1(:,3.,5)
Al(:,4,1)
Al(:,4,2)
Al(:,4.,3)
AL(:,4,4)
Al(:,4,5)
Al(:,5,1)
Al(:,5,2)
A1(:,5,3)
AL(:,5.4)
Al1(:,5,5)

drdp % (ul — xdotl)

rho

Zero

Zero

drdT % (ul — xdotl)

drdp * (ul — xdotl) * ul +1
rho * (ul — xdotl) 4 rho % ul
Zero

Zero

drdT % (ul — xdotl) % ul
drdp % (ul — xdotl) x u2
rho u2

rho x (ul — xdotl)

Zero

drdT * (ul — xdotl) * u2
drdp * (ul — xdotl) % u3
rho u3

Zero

rho * (ul — xdotl)

drdT * ul * u3

(ul — xdotl) % e2p +xdotl !extra —xdot must
be nullified from P derivative
e3p + rho * (ul) x ul
rho % (ul) % u2

rho * (ul) * u3

(ul — xdotl) = edp

flops = flops + 35%npro

A2
A2
A2
A2
A2

:,1,1
:,1.,2
:,1.,3
1,4
1.5

A

~ N SN S

A2(:,2,1)

drdp
ZEero
rho

ZEero

drdT

drdp

% (u2 — xdot2)

* (u2 — xdot2)

* ul x (u2—xdot2)
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A2(:,2,2) = rho x (u2—xdot2)

A2(:,2,3) = rho x ul
c A2(:,2,4) = zero

A2(:,2,5) = drdT % ul * (u2—xdot2)
c

A2(:,3,1) = drdp * (u2—xdot2) * u2 +1
c A2(:,3,2) = zero

A2(:,3,3) = rho % (u2—xdot2) +rho%u2
c A2(:,3,4) = zero

A2(:,3,5) = drdT % (u2—xdot2) x u2
c

A2(:,4,1) = drdp * (u2—xdot2) * u3
¢ A2(:,4,2) = zero

A2(:,4,3) = rho x u3

A2(:,4,4) = rho x (u2—xdot2)

A2(:,4,5) = drdT % (u2—xdot2) * u3
c

A2(:,5,1) = (u2—xdot2) x e2p + xdot2

A2(:,5,2) = rho % ul % (u2)

A2(:,5,3) = e3p + rho * (u2) % u2

A2(:,5,4) = rho % (u2) % u3

A2(:,5,5) = (u2—xdot2) * edp

flops = flops + 3b%npro

A3(:,1,1) = drdp * (u3—xdot3)

A3(:,1,2) = zero

A3(:,1,3) = zero

A3(:,1,4) = rho

A3(:,1,5) = drdT % (u3 —xdot3)
c

A3(:,2,1) = drdp * ul * (u3 — xdot3)

A3(:,2,2) = rho * (u3 — xdot3)
c A3(:,2,3) = zero

A3(:,2,4) = rho x ul

A3(:,2,5) = drdT % ul * (u3 — xdot3)
c

A3(:,3,1) = drdp * (u3 — xdot3) x u2
c A3(:,3,2) = zero

A3(:,3,3) = rho * (u3 — xdot3)

A3(:,3,4) = rho % u2
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A3(:,3,5) = drdT * (u3 — xdot3) = u2

c
A3(:,4,1) = drdp * (u3 — xdot3) * u3 +1
c A3(:,4,2) = zero
c A3(:,4,3) = zero
A3(:,4,4) = rho x (u3 — xdot3) + rhoxu3
A3(:,4,5) = drdT * (u3 — xdot3) x u3
c
A3(:,5,1) = (u3 — xdot3) * e2p +xdot3
A3(:,5,2) = rho % ul x (u3)
A3(:,5,3) = rho % u2 % (u3)
A3(:,5,4) = e3p + rho * (u3) % u3
A3(:,5,5) = (u3—xdot3) * edp
c
flops = flops + 3b%npro
ttim (21) = ttim (21) + secs (0.0)

c
C. return
c

if (idc .ne. 0) then
C. for Discountinuity Capturing Term
c
c. calculation of A0'DC matrix
c
c. Ref P—163 of the handout
c

sl = one/(rho**2 % betaT x T)

cv = ¢cp — (alfapxx2 % T/rho/betaT)

AODC(:,1) = (rho x betaT)*%2xsl

AODC(:,2) = —rhoxalfapsrhoxbetaTxsl

AODC(:,3) = rho/T

AODC(:,4) = (—rhoxalfap)**2 % sl + (rhoxcv/Txx2)
c
c. calculation of A0"tilda " inverse matrix
c. ref P—169 of the hand out
c

factl = one/(rhoxcv+Tx%2)
d = alfap«T/rho/betaT
elbar = h — rk

e2bar = elbar — d
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e3bar = e2bar — cv *x T

edbar = e2bar — 2% cv x T

ebbar = elbar*%2 — 2xelbar*d + 2srkxcv+T + cp*T/rho/betaT
clbar = ulx*2 + ¢cv * T

c2bar = u2x*2 + cv x T

c3bar = u3x*x2 + cv x T

ul2 = ul % u2

udl = ud % ul

AQinv( :,1) = ebbarxfactl
AOinv( :,2) = clbarxfactl
AOinv( :,3) = c2barxfactl
AOinv( :,4) = c3barxfactl
AQinv( :,5) = lxfactl
AOinv( :,6) = ulxe3barxfactl
AOinv( :,7) = u2«e3barxfactl
AQinv( :,8) = u3xe3barxfactl
AOinv( :,9) = —e2barxfactl
AQinv (:,10) = ul2xfactl
AOinv (:,11) = u3lxfactl
AQinv (:,12) = —ulxfactl
AQinv (:,13) = u23xfactl
AOinv (:,14) = —u2xfactl
AQinv (:,15) = —u3xfactl

c

.t calculation of dV/dY (derivative of entropy variables w.r.

to primitive

c

factl = 1/T

fact2 = factl/T
dvdY( :,1) = factl/rho

dvdY( :,2) = —factlxul
dvdy( :,3) = factl

dvdY( :,4) = —factlxu2
dvdy( :,5) = zero

dvdY( :,6) = factl

dvdy( :,7) = —factl*u3
dvdy( :,8) = zero

dvdY( :,9) = zero

dvdY (:,10) = factl

dvdY (:,11) = —(h—rk)xfact2
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o

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

dvdY (:,12) = —fact2x*ul
dvdY (:,13) = —fact2x*u2
dvdY (:,14) = —fact2xu3
dvdY (:,15) =  fact2

endif l!end of idc.ne.O

return
end

subroutine e3mtrxSclr (rho,

& ul, u, u3,
& A0t Alt,
& A2t A3t )

This routine sets up the necessary matrices at the integration
point .

input:

rho (npro) density

ul (npro) xl—velocity component
u2 (npro) : x2—velocity component
u3 (npro) x3—velocity component
output:

A0t (npro) : A0 ”"matrix”

Alt (npro) : A_1l "matrix”

A2t (npro) : A_2 ”"matrix”

A3t (npro) : A.3 "matrix”

Note: the definition of the matrices can be found in
thesis by Hauke.

Zdenek Johan, Summer 1990. (Modified from e2mtrx.f)
Zdenek Johan, Winter 1991. (Fortran 90)
Kenneth Jansen, Winter 1997 Primitive Variables
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c
include ”common.h”
c
c
¢ passed arrays
c
dimension rho(npro),
& ul (npro) , u2(npro) ,
& u3(npro) ,
& A0t (npro) ,
& Alt(npro), A2t (npro) ,
& A3t (npro)
c
if (iconvsclr.eq.2) then !convective form
A0t (:) = one
Alt(:) = ul(:)
A2t (:) = u2(:)
A3t (:) = u3(:)
else lconservative form
A0t (:) = rho(:)
Alt(:) = rho(:)=*ul(:)
A2t (:) = rho(:)xu2(:)
A3t (:) = rho(:)x*u3(:)
endif
return
return
end
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