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Abstract

This document presents a series of derivations performed by the author, Irina Kalashnikova, a Graduate Technical
Intern in the Aerosciences Department at Sandia National Laboratories in Albuquerque, NM, working under the
supervision of Matthew Barone. During the months of July - August 2007, the author:

e Formulated the implementation of a linearized no-penetration boundary condition (BC) on the plate boundary
in terms of Reduced Order Model (ROM) coefficients.

e Formulated a weak implementation of a far-field approximately non-reflecting boundary condition for the fluid
Reduced Order Model (ROM).

e Using the said boundary conditions and linearized equations, assembled the coupled linear system to be solved
for the ROM coefficients.

e Proved that the said coupled system is stable under the uniform base flow assumption (VU = 0) for i = 0 using
energy principles.

e Began to derive a 2nd order accurate explicit/implicit fluid/structure staggered time-integration procedure for
the linear system.

The results enumerated above are summarized in this document.

1 Introduction

This document contains a number of derivations necessary for the implementation of a Reduced Order Model
(ROM) of fluid flow over a solid plate representing, for example, the wing of an aircraft. Consider the flow of a
compressible fluid past a thin, elastic plate lying in the z = 0 plane. Assume the flow is in the x-direction.

Let Q be a finite region surrounding the plate and dQ be the boundary of Q. Note that Q has two boundaries: the
plate boundary, call it dQp and the far-field boundary, call it dQr. Mathematically,

0Q =0QpUIQF (D

We begin by defining the relevant fluid variables.



Fluid Variable

Interpretation
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fluid velocity vector
fluid density
specific volume
fluid pressure
specific heat at constant pressure
specific heat at constant volume
specific heat ratio

base state fluid variables

perturbed fluid variables
=U+U

The governing fluid equations are the Euler equations, linearized about the base state U. This linearization results in a

system of the form

o
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In (2), A(D) is the following tensor
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These matrices were derived in [1]. As expected,
—_( U’ U 9U
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(also a tensor), and similarly for VU.
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We are interested in the flow field generated by small deformations of the elastic plate located in the z = 0 plane.
The plate is square with 0 < x,y < L. Assume that the deformations are small enough to cause only small perturbations
in the fluid. Assume also that the deformations are restricted to the direction normal to the plate, leading to a z-direction



displacement field, to be denoted 11 = 1 (x,y,7). The following table summarizes the variables governing the motion
of the solid plate.

Structure Variable Interpretation
q= ( B v n )T displacement vector
Ps density of solid plate material
v Poisson’s ratio

E—= tensile stress
~ tensile str%in
h

Dpena = ﬁ bending stiffness

Young’s modulus

A more detailed discussion of these variables, including their units, can be found in the “Structure Equations” section
of this document.

The motion of the plate is governed by the von Karman equations, given in the “Structure Equations” section of
this document as well as in [5]. The edges of the plate are assumed to be simply supported.

The boundary condition for the flow problem on the plate is the no-penetration condition u-n = 7] where n is the

. . . . o T

surface unit normal vector. Since the plate is assumed to be in the z = 0 plane, in this case, n = e, = ( 0 0 1 ) .
The linearized no-penetration boundary condition on the plate is

d .
w'+ﬁ—n =1 on dQp @)
dx
The “ * 7 operator represents a time derivative, i.e., ) = ‘93—7 A non-reflecting boundary condition is assumed at the

far-field boundary of the region surrounding the plate.

Both the fluid solution U’ and the solid displacement (in the z-direction) are expanded in an orthonormal basis in
the ROM:

Variable Interpretation
X = ( Xy z )T direction vector
o (x)=( ¢j(x) ¢;(x) ¢}(x) @¢](x) ¢7(x) )T fluid ROM orthonormal (vector) basis
Ei(x,y) z-displacement ROM orthonormal (scalar) basis
M number basis functions ¢;(x) kept in the fluid ROM
P number basis functions §;(x,y) kept in the structure ROM

It follows that (expanding the fluid variable vector and the z-direction displacement in the appropriate orthonormal
basis)

M
U= ¥ at)ou(x) ®)

k=1

P
n=Y bj(t)&xy) )



Here, a(t) and b;(t) are the appropriate ROM coefficients, to be solved for in the Reduced Order Model.

This document is organized as follows. In §2, entitled “Fluid Equations”, the no-penetration and far-field bound-
ary conditions are derived in terms of the ROM bases ¢;(x) and &;(x,y). These expressions will be needed in
the implementation of the said BCs in the ROM code. §3, entitled “Structure Equations”, goes through the non-
dimensionalization of the von Karman equations, governing the motion of the late. The “Coupled (Linearized) Sys-
tem” section (§4) contains a stability analysis of the coupled, linearized system of fluid and structure equations.
Several stability results are derived using theorems proven in [3]. Current and future work is outlined in §5, in partic-
ular, the derivation of a 2nd order accurate explicit/implicit (fluid/structure) staggered time-integration scheme for the
linearized coupled system assembled'.

2 Fluid Equations

2.1 Integration by Parts

In the ROM model, equation (2) is projected onto the POD modes, ¢;(x), by forming the following inner product:

(¢j, 88—7/) + (¢,,A(U).VU/)H + (¢j,c(U,V(7)U/)H =0 (10)
H

In (10), H(O) is the following symmetrizing operator for an arbitrary parameter &> € R to be specified in the imple-
mentation of the ROM?

p O 0 0 0
0p 0 0 0
HUO)=| 0 0 p 0 0 (11)
0 0 0 a’yp*p pa?
2
000 pa> L

The H operator was derived in [1] to have the property that it is symmetric and that each of the HA for j = x,y,z are
also symmetric. The (-,-)y inner product is defined by

(u,v)y E/ ul H(O)vdQ (12)
Q
Let
AO)= (OJHDA(D) OTHDA(D) TH(D)AL(D) ) e RS (13)
As mentioned earlier, the A, (U),A,(U),A.(U) matrices are those derived in §3.4.1 of [1] and are given explicitly in (4)
of this document. In implementing the no-penetration boundary condition (BC), one will need to express the second

term of (10) as the sum of a boundary and a volume integral so as to apply the BC on the boundary. Integrating by
parts:

!Note that the analysis of the proposed scheme is not complete at this time.
2The value of & has not been chosen at this time. It may be that the H matrix will have better conditioning for certain values of o2,



I =Jo9]H(O) [A OV +A(0) % +4.(0) %] d
= JoA(0)-VU'dQ
= oAU )U/ nds— o (V fiU) U'dQ (14)
=[50, A(U)U" -ndS+ [ A(U)U' -ndS — [, (V-A(0)) U'dQ
EIP+IF+IV

Using the fact that n = ( 0 0 1 )T in the problem being considered here and expanding the divergence term in the
last line of (14) gives

- A N AT 9{¢]H(U)A() I{o] H(0)A\(0) I{ ¢/ H(0)A:(0)
I = Jop OTH(O)A(O)U'dS + 5, 6T H(O)A@D) -nU'ds - [ ( LA} AHHOND] | AGHOAD ) 1y
(15)
One can check that all the matrix/vector multiplications (15) are defined (i.e., the dimensions make the matrix/vector
multiplications possible) and each of the integrands is indeed a scalar, as it should be. The two surface integral terms
in (15) will be written out explicitly in terms of the appropriate ROM coefficients and basis functions using the plate

boundary and far-field boundary conditions. These integrals will be pre-computed prior to the assembly of the global
linear system derived in §4 of this document.

2.2 Implementation of the No-Penetration Boundary Condition

In this section, the implementation of the weak no-penetration boundary condition on dQp is formulated in terms of
the ai(t) and by (1) coefficients, basis functions ¢ (x) and & (x,y) and pre-computable integrals.

To be consistent with the notation and derivations of [1], let

~

U'= d (16)

(]
I
TN O O T

where { = 1/p and U’ = U — U. We are interested in applying the following no-penetration linearized® boundary
condition on the elastic plate (lying in the plane z = 0 with flow in the x-direction)

Wzl Zn on 90 (17)
dx

to the plate boundary integral term of (15), namely

Ip= [, ¢/HO)AO)V'ds (18)

For easy reference, we repeat the matrices H(U) and A,(U) here, which were derived in [1] (p. 9, §3.4.1) to be

3The general non-linear no-penetration BCisu-n =1 = %—7



w 0 0 0 O p 0 0 0 0
0w 0 00 0 p 0 O 0
AO)=]1 0 0 w 0 ¢ |, HUO=|020D/p 0 0 (19)
0 0 ,é_‘ w0 0 0 0 a%*p?%p pa2
00 y5 0 w 000 po2 L)
Multiplying these out and using the fact that p{ = 1 gives
pw 0 O 0 0
0 pw O 0 0
HO)A,O) = 0 0 pw 0 1 (20)
0 0 0 o?yp’pw a’pw
2 - (1+0?)w
0 0 1 aspw 5
Recall that o? is an arbitrary real parameter* and y = cp/ c.
Expanding the fluid solution in an orthonormal spectral basis gives.
U =Yl a(r)g(x)- @
Taking (l),ﬁ, i=1,2,...,5 to be the components of the vector ¢, € R>, one can write (21) as
! Zgﬂ ak(t)q)kl (x)
v Yy ar(1) g (x)
W= B an)e)(x) (22)
¢ XL ax(1)6 (3
p Y= Gk (t)‘])ks (x)
Applying the no-penetration boundary condition (17) to (22) on dQp gives
Zg=1 ak(t)q)k; (%)
Yim1 ax(t) 9 (x)
Zgzl a(1)9¢ (x)
Y=k (t)q)ks (x)

(recall that 1 = %—?). Substituting (23) and (20) into the boundary integral (18) gives

P (9] £ ax(1)9) () + 97 zk lak<>¢3< )+ (97pw+97) (n-a)
OC

P (97795 +07 ) Ty a0 (x) + (97 + 01 0pro+ 07 ) T ay(1) 97 (x)
24)

where again the boundary integral of interest is

= [ o] HW)A0)Uds 25)
aQp

4See §3.4.1 of [1]).
5y = 1.4 for a diatonic gas at reasonable temperatures and pressures.



To complete the implementation of the no-penetration BC, we expand the plate deflection field 1 in the appropriate
eigenmode, orthonormal (scalar) basis

bi(t)&k(x,y) (26)

™=

n:

In terms of this basis, the no-penetration BC on dQp is

L - 3'51( & (x,y)
n—ig = k; (1 ékxy—qu —a 27)
Plugging expression (27) into the second term in (24) yields
35w+ 03 )Xl b —a(¢3pw+ ¢S by (1) 25(22) 28
03pw+ 07 ) Loy ()& (x,y) — i (97 pw+ 97 ) Liy b(r) =y (28)

For convenience, let us rewrite (24) grouping the coefficients of the summations over the ay(¢), the by () and the by (t)
respectively:

TR pw[<¢ o +0707) +? (0]10p+07) o | + (07 + oo+ 745522 o autr)
+xf (0709407 ) & by —xiy [0+ 05 ai} ()
(29)
Recall that for this instance of the problem, w = 0. Thus (29) simplifies to
T 7 g / S 345 d 5 aék
9] HO)AL(ONU" = Y 97 07a(t) + Z 97 Eubi(1) Z gji (30)
k=1

It might seem as though the orthonormality of each of the bases ¢ and & should be invoked at this point; however,
remark that the expressions in (29) are in terms of the components of the basis vectors q)]é,i =1,2,...,5. A trivial
algebraic simplification of the first summation in (29) using orthonormality is therefore not possible. It follows that
the boundary integral enforcing the linearized no-penetration BC is

_ 3 3 ! o u 3 . aék
b= [, of HOA@|Vas= ¥ ax() /()QP¢}¢,§dS+k;bk<r> /a 93dS — zbk / o5

€29
]

(31) is a linear system that is written in matrix/vector form later in this document.

2.3 Implementation of the Far-Field Boundary Condition

The boundary integral in (15) needs to be evaluated over the entire domain boundary, not just the plate boundary. The
formulation of the no-penetration BC on the plate boundary has enabled us to write Ip in terms of the basis functions
and ROM coefficients. We now turn our attention to Ir, the far-field boundary portion of the boundary integral over
dQ. An approximately non-reflecting boundary condition is desirable on the far-field boundary. A weak implementa-
tion of such a condition for the fluid ROM is formulated below.



2.3.1 Properties of Hyperbolic Systems

Before proceeding to the implementation of the far-field boundary condition, let us briefly review some properties
of hyperbolic systems of PDEs that justify the upcoming derivations, in particular the diagonalization of the matrix
A(U) -n. Recall the 3D Euler equations for compressible flow, typically written as

U+FU)x+FU)y+FU),=0 (32)
with
p pu pv pw
pu p+pu2 puy puw
U=| pv |, FR(U)= puv , BUO)=| p+p? |, BU)= pvw (33)
pw puw pvw p—|—pw2
E u(E + p) v(E+p) w(E + p)

The first equation in (33) represents conservation of mass, the second three represent conservation of momentum (in
each of the three directions, x, y and z), and the final equation represents conservation of energy. Recall also that the
Euler equations (33) form a nonlinear hyperbolic system.

If one defines the tensor

FU)=( RU) RU) FBU)) (34)
then (32) can be written as
ou
W—FVU,{F(U) =0 (35)

If A;(U) € R is defined to be the Jacobian of F;(U) fori = 1,2,3, it is a well-known fact that since the system (34)
is hyperbolic, the matrix A(U) = aA1(U) + 00A2(U) + 03A3(U) has only real eigenvalues and is diagonalizable®. It
is precisely this property that guarantees the diagonalization of the A(U) - n matrix, performed in the next section..

2.3.2 Diagonalization of the Matrix A(U) -n
Let A(U) denote the tensor

AWO) = ( A(O) Ay(0) A(0) ) eR>53 (36)

where A,(U),A,(U),A;(U) were derived in §3.4.1 of [1] to be

i 0 0 0 ¢ 0 0 0 0 w 0 0 0 0
0 @ 000 0 v 00 ¢ 0w 0 0 0
AO=| 0 0aa 00 |,A0=]0 0 %00/, A@=|00 w 0
- 00 a 0 0 - 0 v 0 00 —¢ w 0
yp 0 0 0 @ 0 yp 0 0 ¥ 0 0 vp 0 W

(37

%See http://en.wikipedia.org/wiki/Hyperbolic_equation for more details or almost any textbook on numerical solutions to
PDEs.



Let n = ( ny ny n3 )T be the unit normal to the far-field boundary dQr’. In the general case of a boundary
positioned at some angle  relative to the plate (in R?), one will be interested in diagonalizing the matrix A(U) -n =
SAS~! 50 as to transition to the so-called “characteristic variables” V/ = S~'U’. In the upcoming derivations, we use

the following relations to simplify the expressions:
[In[[3=n+m+n3=1

(i.e., nis chosen to be a unit normal vector) and define

c= Yﬁézﬁ

to be the speed of sound. Note that (39) implies that

w_<¢
¢ ¢
Letting
i, =u-n
whereii= (i v w )T,one has that
iy 0 0 0 &m
0 iy, 0 0 é:nz
A{U) n = 0 0 i, 0 {ns
—Cnl —Cng —Cn3 7 0
ypni  ypna  ypnz 0 i,

Diagonalizing the matrix A(U) - n amounts to finding S and A such that
A(U) n=SAS™!

2.3.3 Jacobian Eigenvalues and Eigenvectors

(38)

(39)

(40)

(41)

(42)

(43)

We now go through the linear algebra of the computation of the eigenvalues and eigenvectors of the Jacobian
matrix A(U) - n, defined in the previous section. The eigenvalue problem is equivalent to finding the constants A such
that det(Als — A(U) -n) = 0, and the eigenvector problem is equivalent to finding the null vectors of A/s —A(U) -n

where I5 denotes the 5 x 5 identity matrix.

A — iy 0 0 0
0 A — iy 0 0
Als—A(U) n= 0 0 A — ity 0

Enl é:ng 5)’13 A —ii,
—Ypbni —Ypna —Ypn3 0

(44)

7For instance, the far-field boundary may be a square or rectangular box around the plate, in which case n = e,, n = e, and n = e;, depending

on the side of the box one is considering.



Setting det(Als —A(U) -n) = 0 results in the following A matrix (where the diagonal entries of A are the eigenvalues
of A(U) -n):

i, 0 0 0 0
0 @, 0 0 0
A= 0 0 @ 0 0 (45)
0 0 0 dy+c O
0 0 0 0 dy—c

The eigenvalues uj,, u, + ¢ and u, — c are known as the “characteristic speeds” of the propagating waves.

We now turn our attention to computing the eigenvectors corresponding to each of these eigenvalues.

2.3.4 Eigenvectors corresponding to A = ii,

Let us begin by computing the eigenvectors corresponding to the triple eigenvalue, A = ii,,8.

It turns out that in order to avoid considering three separate cases, one should compute the left eigenvectors of
A(U) -n first. Letl= ( L L I3 Iy Is ) € R denote a left eigenvector of A(U) - m, i.e., a vector such that
1[ii,Is — A(U) -n] = 0. Solving for the components of 1 gives rise to the following equations:

l4 = free
lini +bny+ {31’13 =0 (46)
Ypls = Cly

It is not hard to see that (46) offers three degrees of freedom, as expected, implying three linearly independent (un-
normalized) eigenvectors, call them 1M , 12 , 1)

1(1):( 0 mp® —pu p0 Eg:/é_” ) (47)

1@ — ( n3#fz> 0 Hlml(z) u§2> 55? ) (48)

1) = ( mu® —mp® 0 u® 5;;? ) (49)
where the “l_(j ),i €{1,2},j€{1,2,3} are arbitrary nonzero constants.

2.3.5 Eigenvector corresponding to A = ii, +c¢

This is similar to the previous case. Now one is interested in the null vector of 1[(ii, +c¢)Is —A(U)-n]. The
relevant system of equations describing the components of 114) is

s = free
Iy =0
ch =ypmls
_ 50
cly = ypmyls (50
cly = ypnsls

cls = C(”lll +nolp +n3l3)

80ne knows a priori that these will span an eigenspace of dimension three. This follows from the fact that the Euler equations are a hyperbolic
system, as discussed earlier.

10



The (unnormalized) eigenvector corresponding to the eigenvalue A = ii,, + ¢ is

19 = (1o g ) ) (51)

c c c

for some 0 # ¥ € R.

2.3.6 Eigenvector corresponding to A = i1, — ¢

One now solves for the null vector of the matrix 1[(i, —c)Is —A(U) -n]. Doing so gives rise to the following
system of equations for the components of 1):

Is = free
I4=0
clh = —ypnils
_ 52
ch = —ypnyls (52)
cly = —ypnsls

cls = —5(11111 +mly +n3l3)

Similarly to the previous case, the (unnormalized) eigenvector corresponding to the eigenvalue A = i, — c is

(5) _ = (5) = (5) 5 (5) 5
16) — ( _ypnlcu _Vpnzcﬂ _YP"3C# 0 u® ) (53)
for some 0 # u®) € R.

2.3.7 Diagonalizing Matrices

In the previous subsection, we computed the eigenvectors of the matrix A(U) - n up to some degrees of freedom.
From a theoretical perspective, the constants ,LLl-] are completely arbitrary. However, it turns out that the invertibility

of the diagonalizing matrix S depends critically on the choice of ,ui(j >; in fact, for most arbitrary /.Li(j ), S will be

singular for some normal vector n. This is a problem because then S~! is undefined and hence the diagonalization
A(U)-n=SAS~! does not exist.
()

Careful inspection and analysis shows that a “good” choice of u;”’, i.e., one for which § will always be nonsingular

is

Wl =) =

@) )

mo =1L =—n
) L, a
4) _ (5 _ ¢
Then
l(l) 0 n3 —ny ny %
1(2) n3 0 —np —np —%
st o=L=| 18 | = 4 (55)
- ny —n1 0 nj3 22
14) 0 7
15) ni no n3 ?
—nj —np —nj3 0 ﬁ

11



Lemma 2.3.1. The diagonalizing matrix L defined in (55) is non-singular and hence invertible ¥V n = ( ny ny n3 ) r

Proof. Recall from linear algebra that a matrix M is non-singular if and only if det(M) # 0. Computing the determinant
of L defined above and using the relation n% + n% + n% = 1, one finds that

2
det(L) = — (56)
Yp
which is never zero provided ¥, p # 0 (which they would not be in physical applications).
O

Having verified the invertibility of L defined in (55) for all normals n, we can find R = S by computing L’s inverse:

1 1
0 n3 n 51 51
1 1
ns3 0 —ny zng —inz
_ 1 1
S =R=L'=| —m» —-m 0 35n3 —3m3 (57)
ni —ny ns3 —% —%
0 0 0 1 1
2c 2c

We have finished deriving the desired diagonalization, A(J)-n = RAL = SAS~! where A is as in (45).

The above result can be verified in MATLAB by multiplying out the computed matrices. In particular, one
computes SAS~! to be:

0 m m gm o —m\ /g 0 0 0 0 0 m mmoom
n3 0 -m ?nz 1) 0 @, O 0 0 n3 0 -m -m
SASt =| —m —-nm O Qng —5?3 0 0 a, _0 0 o —n 0 s
b F oo 0 Al | o m om0
0 0 0 2c 2c " —hny —ny —n3
i, 0 0 0 =
— n2c2
B 0 ity 0 0 .
o0 a0
. —Cmy —Cfny @, O
ypri  ypna  ypnz 0 iy
iin 0 0 0 ¢nm
0 iy 0 0 {m
=l o o & o m
—Cm —Cmy —Cfny i, O
ypmi ypno ypny 0 iy
(58)

using the relation (39) that says that ¢> = yﬁi_,_’ . Comparing the last line of (58) with the matrix A(U) - n defined in (42),
one sees that our diagonalization produces the desired result.

12



REMARK: The diagonalization in question implies that ¢, 7, p # 0, all reasonable physical assumptions. One must
be somewhat careful, however, since the diagonalizing matrices S and S~! will become ill-conditioned for either very
large or very small p, y and c.

2.3.8 Implementation of the Non-Reflecting Far-Field Boundary Condition

The far-field boundary condition will be written in terms of the “characteristic variables”, i.e. the elements of the
vector S~'U’ decomposed in the components of the POD basis ¢ i(x). Here we write out this vector and then formulate
the explicit implementation of the far-field boundary integral for the ROM on dQ, like was done earlier for the solid
wall BCs on the plate boundary 0Qp. The far-field BC implemented is an approximately non-reflecting condition,
where the incoming characteristic variables (those corresponding to a negative eigenvalue) are set to zero and the
outgoing characteristics (those corresponding to a positive eigenvalue) are left alone. It turns out that there are four
cases to consider: supersonic inflow (i, < —c), subsonic inflow (—c < @1, < 0), supersonic outflow (i, > c), and
subsonic outflow (0 < @1,y < c). It is first assumed that the far-field boundary has only one of these cases; in general,
multiple cases are possible, if the far-field boundary is, for example, spherical.

Recall from (16) the definition of the vector U’, namely

U’ w! (59)

Since we will be working in the characteristic variables, i.e., V' = S—1U’, the first step in the derivation is to write out
the V'’ vector using the S matrix which diagonalizes A(U) - n (computed in the previous section). Multiplying out gives

[\S]

_ . 14 /
(n3v' —mow' +m &) + %nlp’ Ao <€)2n1p
(ngu’—mw/—nzéd)— %i’lzp/ a,,, -n— (%) nzp/
I o=l 4 = 2%
Vi=§STU = (nzu/—n1vl+n3€/)+%n3p/ - au/v/~l‘l+(%> n3p’ ©0
u;l—|-i_p’ ;8
b R R
—ly+ 35D 1 Co
_un_'_?p
where
i = ( VoW )T
T
n = ( n ny n3 )
w, = u'n 61)
E: NG = ( C/ _W/ v/ )T

ay, = ( —w 7C/ u )T
a, = ( —V/ l/t/ C/ )

Recall that \/yp/{ =c¢/C.

In order to formulate the explicit implementation of the far-field non-reflecting BCs, one needs to write V' in

terms of the orthonormal ROM (vector) basis ¢x(x) = ( ¢/ (x) ¢7(x) o}(x) ¢ (x) ¢7(x) )T € R’. Expanding
the fluid solution in this orthonormal spectral basis as before:

13



(62)

=
[
[ng!
T
S
S
G
=

Then (60) becomes

: £t (084 (2) o) - mo - m?] e
S, [-mgf —na <¢3+(§)2¢£)+n3¢£ ax(1)
mp | 7| —m¢£+nz¢£+na(¢:+(§)2¢,f) ax(1)
EAL, [m9d 4262 +mgd + £97] ault)
EiL) [-mo) —mag? —maod + 207 ()

a,,, N+

Q- —

~
If

a, N + (63)

TN~
B T I Vo N T

N— e
[}
S
]
S8

<
S~
+
o U
”'E\

/

|
:\
4
hS|

nT ¢

For completeness (and to see where this derivation is going), recall that the far-field integral of interest, denoted
by 7 in (14) is

I = o0, 0T H(O)AD) -m]U'dS + [y, 0] H(O)AQD) -n]U'dS — Jo (V- o] HOIAD)) Ul
=Ip+Ir+1y

For ease of notation, let us denote the surface integral portion of (64) by I, so

Is=Ip+1Is = /a o S/H(O)AD) -njU'ds+ /3 O] H(O)AD) mU'ds (65)

§2 was devoted to writing out Ip explicitly; we not turn our attention to the second surface integral term in (65), Ir.
Using the diagonalization of A(U) - n,

Ir = Jyo$] HO)[A(D) n]U'dS
= J509] H(U)SAS'U'dS (66)

= Jya ] [H(U)SA]V'dS

In (66), (q)jTH (0)S)T € R, A is a diagonal matrix containing the eigenvalues of A(U)-n and V' € R? is the vector of
characteristic variables, S~1U’. Since the A matrix contains the eigenvalues of A(U ) -m, which represent the character-
istic speeds, the decomposition in (66) makes it clear why it is convenient to transform to the characteristic variables
V.

Let V, denote the value of V' at the far boundary. In the implementation of the far-field BC, therefore, one will
overwrite V « V; on dQr. The entries of V, are determined by the sign of each of the eigenvalues in A. There will be
four cases to consider. Before proceeding to these cases, let us write out the following matrix and vector, which will
be needed shortly.
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0 pnsiiy, pnyiiy, %ﬁm (i, +¢) —%ﬁnl (it — )
pn3iiy, 0 —pnyiiy, >Pna(ity +c¢)  —5pna(it, —c)
H(U)SA= —pnaiiy —pnyiy, 0 3pn3(ity +c¢)  —3pn3(ity —c) (67)
o>y pmit,  —0YPpprait,  OFYP?pn3iiy 0 0
a’pnyiy, —o2pnyii, a’pnsiiy %(IZ,,—&—C) —%(12,, —c)

Note that in order to simplify the last two rows of the matrix in (67), one uses the identity ypp> = c>p>/ Z:’ =c%p.

T
prad? — pmd? + a’pny (yppoT + 03 ) | i .
§ i} o } d
pn3d; —pri9? — o pnay (Ypp9; +¢7 ) | it d;g;
OT[H(U)SA] = | |pma@} —pni¢; +0*pns (vppoi+ 97 ) |dn | = | d3(x) (68)
1[5 ~ ~ 1 e da(x)
2 [Pm%l +pnag; +pn3? + z¢ﬂ (itn +c) ds (x)

L[-pmo) —pmag? — prso} — 193] (@ — )

Remark that the entries of the vector in (68) are functions of ¢; for j =1,..., M.

2.3.9 Case 1: Supersonic Inflow (i1, < —c¢)
Note that if,, < —c < 0 = i1, —c < 0 and i, + ¢ < 0, i.e., all the characteristics are coming into the box around our

plate. The approximate non-reflecting BC mandates that all incoming characteristics be set to zero. The far-field BC
is thus

V/=0eR> (69)

It follows that Ir in (66) reduces to

IF_

I
o

(70)

2.3.10 Case 2: Subsonic Inflow (—c¢ < i, < 0)

Now, i, < 0, which implies i, — ¢ < 0. However, ii,, + ¢ € (0,c¢), in particular ii, + ¢ > 0. This means that the
characteristics corresponding to the eigenvalues i, and i,, — ¢ are incoming whereas the characteristics corresponding
to the eigenvalue i, 4 c are outgoing. The non-reflecting BC says to leave the outgoing characteristics alone. Looking
at the definition of A in (45), we see that the characteristics to be set to zero correspond to the first, second, third and
fifth component of V’. Thus, the far-field BC is

0 0
0 0
V= 0 = 0 i (1)
+&p XAy [mi0d +n20? +m] + 07| aul)
0 0

Using the vector derived in (68), one has that

M
0 [H(O)SAJV; =da(x) ) |9y +nz¢,3+n3¢,3+§¢5 ax(t) (72)

k=1
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It follows that the boundary integral I reduces to

Ir = 50, 07 [H(0)SA]VdS _ )
= Yil1ak(t) Joq, da(x) n1¢1<1+n2¢k2+n3¢,§+%¢,f} ds (73)

2.3.11 Case 3: Subsonic Outflow (0 < i1, < ¢)

In this case, i, > 0 implies that i, + ¢ > 0 but i@, € (0,¢) = i1, — ¢ € (—c,0), i.e., i, — ¢ < 0. This means that
the characteristics corresponding to i, — ¢ are incoming whereas the characteristics corresponding to the other two
eigenvalues are outgoing. It follows that the far-field BC to be implemented is

o
~

Tl (04 (£) o) a0+ m?] )

av’w"“"’(%) mp
_ N2
a,, N— (%)2}12}7/ 22/1:1 —l’l1¢]€3 —-m <¢I?+ (%) ¢]§) +n3¢k] ar(t)
V, = AN, = £\ 2 (74)
b aL,/v,-n—&—(%) n3p Y =m0 + gl +ns (q),er(f) ¢ks> ag(t)
/ 5 / z
P XA [mol +mog +n367 + £0f| ()
0
Then
N2
dy (x) iy {"1 (‘PE“F (%) ‘sz) —n2¢;§+n3¢k2] a(t)
d M| 3 <4 5 2 5) 1
o sy — T |mmel = (0 (£) 08 ) rmal a0 as)

sty o +nmol +ns (014 (£) 0 )|t
+da ()T |16} 1207 + 1307 + 507 ax(r)

and the desired boundary integral is

() o, {ano) [ (0 + (8)'

f ,3‘) —mag} +n3¢k] d>(x) [—nlcb,? —ny (¢,§‘+ (%)2@?) +n3¢k‘]
k=1 +d3(x) [—nlq)k —|—n2(])k +n3 < (% d

)] +ds(x) [nlq)kl —1-112(]),(24-113(?,5j + %(]),{5}} S
(76)

in terms of the appropriate ROM coefficients and basis functions.

2.3.12 Case 4: Supersonic Outflow (i1, > ¢)

Here, i, > ¢ = i1, —c,ii, +¢ > 0, i.e., all the characteristics are outgoing. All the eigenvalues of A(U )-n are
therefore to be left alone.
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2 £l (084 (2) o) - mao - m?] o)

w0t () mp -
v n (o || 2t o= (a4 (2) 08 ot )
Kol IPVRIE (4 RN Rl I ) AT S e (¢;‘+(%)2¢5) a(t) 7n
u2/+ %P'/ M {nlcpkl +n2¢f+n3¢f+§?f} ()
e LAy [-mol —mo? —ns6} + 07 ()
Then
a0t m (04 (5) o) - maof o |t
caxty [-mor—ne (04 (£)07) +msot| o)
O DNY = gty [-moz-+nsot +ns (01+ (£) o )|t 7

—|—d4(X) 224:1 —I’ll(Pkl —|—n2¢kz+l’l3¢,§ + %(P_ks} ak(t)
+ds(x) XL, _—n1¢k1 — 0 —n30p + %qﬂ a(t)

The desired boundary integral is

[N a]
8]
=
N—
|
S
Lo}
=
+
S
)
=
[E

ar(t) [ya, {dl (x) [”1 <¢’?+ (

+dy(X) | —n1 97 —na (‘P;er (5)2‘15/(5) +n3¢;

)2 5) (79)
e

+ds(X) |n1¢) +n29f +n3¢) + %d’ks

+%@—m%—m%—mﬁ+%ﬁuﬂ

M

Ir = kgl -‘rd3(X) —n1¢k2 +n2¢kl “+n3 ((P]? (%

2.3.13 Summary of Far-Field Boundary Condition Implementation

To ease the notation, note that for each of the four cases considered above, the boundary integral of interest over
the far-field boundary 0dQp, denoted earlier by I (and defined in (66) has the form

M
r=Yal) [ s (80)

where A;(¢;) is a function depending on the components of ¢; and ¢, and which of the four cases considered above
applies’. We given Iy (¢ ;) explicitly below:

Note that multiple cases may apply along a smooth far-field boundary, e.g., a sphere. For example, if the flow changed from supersonic inflow
to supersonic outflow along a spherical boundary, one would need to determine the precise coordinates at which this transition occurs and compute
Ir as a sum of two integrals, one for the supersonic inflow (up to the transition point) and one for the supersonic outflow (after the transition point)
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0, i, < —c

dy(x) {n1¢1§+n2¢kz+n3¢;§+%¢ﬂ ; —c<ip, <0

di(x) |m (¢/f+ (%)2%5) —m@p +m397 | +da(x) |:_”1¢k3 —n <¢f+ (%)zd’f) +n3¢kl}

2\ 2 ; , O<a, <c
hi(¢;) = +d3(x) fn1¢k2+n2¢kl +n3 <¢,?+ (%) d)kS ] +da(x) {m(f)kl +n2¢k2+n3¢k3 + %q),f]
di(x) |m (¢/f+ (%)2%5) —m@p +m307 | +da(x) |:_”1¢]§ —n <¢f+ (%)zd’f) +n3¢kl}
+d3(x) |—n1 97 + @) +n3 <¢1?+ (%)2%5 ] +d4(x) [’l1¢k1 +m¢f +n3¢ + %451(5] ) Hp>c
+ds(x) | —n19) —n29f —n39} + %%5}
81)

The d;(x), i =1,...,5 are the entries of the ¢]-T [H(U)SA] vector given in (68). These depend on the components of
() j(x). Note that the cases when i1, = 3¢ can be encompassed into the four cases summarized in (81).

It follows that the surface integral (over the entire boundary dQ = dQp U JQp) is:

Is =Ip+Ip
= 211 k(1) [y, 070345 + 11 bu(1) foa, 07618 — EL_1 bu(1) fya, 078%4dS + AL, arl0) foa, hi(97)dS
=TI aul) (Jag, 979745 + o, he(9,)dS) + Ly bilt) Jog, 67&dS — X1, bi(t) Jaq, 975 dS

(82)

2.3.14 An Alternate Expression for the Diagonalizing Matrix 5!

In the previous section, the diagonalizing matrix S~! was used to define the transformation to the characteristic
variables V/ = S~!U’. Recall that S~! can be chosen up to some degrees of freedom, denoted ,ul-<j ) carlier in this
document. A point was made that one must be very careful in selecting these constants because otherwise the S matrix

may fail to be invertible for some unit normal vectors n.

In some implementations, it may be useful to have an S~! such that one of the components of V' can be split
into entropic, vortical and acoustic waves. It would be nice, for example, if one of the components of V' contains
only entropy perturbations (meaning it has only p’ and {’ disturbances), two components of V' contain only velocity
disturbances (/, v/, and/or w’) and the remaining two components of V' are associated with acoustic pressure waves
(having the form u], + const- p’). One can see from (60) that we get the latter two components (the acoustic ones) for
free in the previous derivation. However, looking at (60), it is clear that the first three components of the V' vector are
a linear combination of the entropic and vortical waves.

It turns out that one can define matrices S~! such that V/ = S~!U’ has the desired splitting by specifying alternate
values of the constants ,ui(j ) in (54). Although these new matrices, call them S~!, are “nicer” in that they make V’
have the desired form, there is a price to pay: one now needs to consider three cases, depending on whether any of
the components of n are zero. In the implementation code, this amounts to writing a set of “for” loops, which would

decrease efficiency and can make the program run much slower.

Recall that S~! was derived to be
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up to the degrees of freedom, the u

(1) (1)

()

i

mn  Z,m

. The following table gives one choice of constants u
one wants to split the entropic and vortical waves and which, if any, of the components of n are zero.

()

i

5! St 5! S5 !
Condition: | no enrtropic/vortical split || split, ny 0 | split, np #0 | split, n3 # 0

ul 1 0 1 1
V) n 1 0 0
u? 1 1 0 1
w? — 0 1 0
u 1 1 1 0
¥ ns 0 0 1
) c < < <
H 7 7P 7P i
©) < < < <
H 7 7 7P 75

0 713”1 —n2‘u1 nu2 Y_PHZ

2 2 2 2

nay” o —mp? P Sul?

—1 _ 3 3 3 3
ST e e 0w (83)

gy @)

€ ) Yo v )

_YPnch — 1P — 1om) 0 u

, depending on whether

When the values in the above table are plugged into (83), one obtains the following matrices and transformed vectors
V.

2315 Casel:n; #0

A(T)-n =5 AS;! (84)
o 0 0 1 &
B n3 0 —nj 0 0
S'=| nn —=m 0 0 0 (85)
ni ny n3 0 %
-n —-n —n3 0 %
0 ns ny %nl —%nl
0 nan3 mn 1
- ER A
S1 = 0 % "f% %n; —3m (86)
¢ ¢
v 0 o 7 F
0 0 0 3 3
¢+ (%) P entropic
mu' —nw' vortical
Vi=85'0'=| nu/—ny |=]| vortical (87)
u; + % p' acousqc
, F acoustic
—u, + P



2.3.16 Case2:ny #0

A(U)-n=5A5;" (88)
0 n3 —ny 0 0
Z
. 0 0 0 1 7
SZ - ny —np 0 0 0 (89)
ni ny n3 0 %
—np —ny —n3 0 %
n2+n2 1 1
% 0 72’12 3 ?n] —?n]
o 0 —-n  sm —m
Si=| s o by s o)
o 1 0 -3 -3
Yp Yp
0 0 0 z—f 2—f
/o /
sy gngzw vortical
&+ (;) P entropic
V2/ = S;lU/ = mu' —n v = VOI‘tiCE.ll ©n
”;1 + g acoustic
, g , acoustic
—Uy + P
2.3.17 Case3:n3 #0
A(U) n=5:A5;"! 92)
0 n3 —ny 0 0
n3 —np 0 0 Q
S'=1 0 0o 0 1 & 93)
ni ny n3 0 %
—nyp —np —nj3 0 %
n2+n2 1 1
ni+n 1 1
| w0 —m o)
83 = —ny —n 0 %n_3 —%I’l3 (
0 0 1 —£ —£
Yi
0 0 0 2—1; 2—1;
n3V’ —mw vortical
nau’ n12w : vortical
V=80 = &'+ (%) P | = entropic (95)
u + [ acoustic
" ng , acoustic
Uy, + ?p
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3 Structure Equations

3.1 Notation and Units

Parameter Meaning Formula Units
h thickness of plate m
. . . 3
Ps density of plate material t o . kg/m
. b : ransverse strain
v Poisson’s ratio _IWMH}V/A -
P tensile stress __ 0 2
E Young’s modulus tensile strain — AL/Tg N/m
: : ER3
Dbend bendlng stiffness m N-m
T . .
= ( B v n ) displacement vector stiffness x force m
d%n - force
ST acceleration Iass N/kg

3.2 Assumptions and Boundary Conditions

Assume the plate is square and positioned in the z = 0 plane and is square L x L for some length L€ R: 0 <x,y <
L. Assume the edges of the plate are simply supported. Mathematically, this is written as the following boundary
conditions:

n(0,y,1) =0=mn(L,y1) (96)
n(x,0,t) =0=n(x,L,t) 97)
92 n 8211
n 9211
3—( x,0,t)=0= 82(th) (99)

It turns out that this assumption results in some nice properties of the eigenmode basis &;(x,y) in which the 1 dis-
placement field was decomposed (see (9)).

3.3 Linearized Dimensional von Karman Plate Equations for § =y=0

The dimensional plate equation (disregarding the x and y components of the displacement vector q) with a source

iSlO

82
Dpena (V1) +psha—t§’ = g(x,31) (100)

where

_d*n *n 2*n
=97 2oy *W (101)

The net units in (100) are N /m?, as the units of ps 2 are kg -m- ,i\; %

10The general von Karman equations are considered in §3.4. A more detailed discussion of these equations can be found in [5].
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3.3.1 Non-dimensionalization of Linearized von Karman Plate Equations (§ = v = 0)

Usually, the dimensional and non-dimensional plate equations are pulled from textbooks and it is not clear pre-
cisely how to transform from the former set of variables to the latter. Since the fluid equations are dimensional but
the structure code used in the implementation solves the dimensionless plate equations, one would like to derive the
relation between the dimensional and the dimensionless von Karman equations. The goal here is to figure out how to

non-dimensionalize the equation (100).

In (100), n(x,y,¢) is the dependent variable and x,y,r are the independent variables. To perform the non-
dimensionalization, define the following non-dimensional variables:

By the chain rule,

0
om* _om/ox _ GG
ox*  Ix*/dx %L; -4

_ X dn
Mo Ox

oxZ  ox \ ox* ox*/dx xLo

and similarly for the other derivatives. It follows that

Substituting (108) into (100) gives

1Mo Ox?

1m0\ 2*n* o\ 9*n M0 9*n*
vin=(-L 2 2% )| — =+ | &
n (xﬁ) o + (x%y%) Ix*2y*2 +

Yo

an _ moadn’

ox  xo ox*

92

4 ay*4

an* 2 9?
azn* 0 (an*>_a<£*)/ax—n—g—%xg _ﬁazn:azn_@azn*
- 2 *2
x5 ox

To non-dimensionalize, set

Pshno aZn* Dbendno 8477* 42 DbendTIO 8477* + DbendTIO 8477* _
t(% o012 xg Ix*4 x%y% ax*Zy*Z yé ay*4
Dividing through by the constant in front of the d>n* /dt*? term,
azn* Dbendtg 8417* 2 Dbendtg 9477* Dbendtg 8477* _ gtg
or PghX3 dx+4 Pshx%y% dx*2y*2 pshyg dy* pshmo
5
- 2 _ Psh
Xo=Yo=MNo=h, ) =
Y 1 0 Dypena

where again £ is the thickness of the plate. Then (110) becomes

22

(102)

(103)

(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)



82 * i ~
7172+V4n =3 (112)

3
where g = %. Equation (112) has the same form as the non-dimensional equation given in [5]. The dimensionless-
ness of the equation is easily verified by checking the units of g:

3 N B i
g _ e m _Nem (113)
-m

units g : = = =
Dypena N N-m

3.4 General Nonlinear Dimensional von Karman Equations for 3,7 # 0

Recall our notation for the components of the displacement vector: q = ( B v n ) Before, we dealt only
with the z-component, 7], assuming the other two components are zero. This reduced the von Karman equations
substantially. We now consider the more general case when 3, v # 0. Then the von Karman equations, taken from [5],
are

B 1(9 P 0 P (&
glry,t) = +<ax+5(32) (aTng"Tg)H“V) (37) (axgy) (e

2 a2\ (0, a7\ (22

H(F+4(3)) (G rvid) +a-n(3) (33))

B (1-v\I*B (1+Vv\ o’y _

o2 *( 2 ) @ <T) oy w

9y 1—v\ 9%y 1+vY\ 9B

a—yﬁ( 2 )7*(7) gy e

where

0= () () (F)EE(EE o
o= () D () EE(EE o

Defining x*, y*, t* and * as before and

(119)

(120)

one can apply the chain rule and substitute the derivatives in terms of the * variables into (114), (115) and (116). Doing
S0 gives
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s, 3277 Dpengn 3477* Dpengn a Dpena M ﬁ _ _ Dbf”d‘rl} ﬁ . M . az—n*
(o) S + (Pt ) S -2 ((Bhgo ) ST, o (Do ) S0 — 12| (1 v) ( F5 ) (9% - 9 T
— D, e B() aﬁ* 1 Den 712 an* 2 82 * D on BOT’ aﬁ* 82 *
p= o+ (o) v (%) (35)°) () 5 v () 5) + 0 () (% 23
Dognat0 ) 27 1 1 (Do (9 \*) ((m0) 2207 4y (M) 220° Diongto ) (27 01’
+(( Zz;i)()) 3)’*+7< hzi%o)(ay*) >((§) V() ) U= (T ) (5 aeor
(121)
@ azﬁ*+ 1-v @ @4_ l+v O 827)/*:_9] (122)
x3 ) ox*2 2 y3) dy*? 2 Xoyo ) Ox*dy*
92 1—v 9? 1+v 2’B*
(8) 5 (57 (3) 5+ (57) () e =2 2
v5/) 9y 2 x5/ ox 2 X0y ) Ox* 8y

with

ﬂé 3n*.82n* 14+v Jﬂi an* ’n* 1—v lﬁi an*‘azn* )

x(3)> <8x* dx*2 + 2 xoy% dy*  dx*dy* + ) xo)% ox* dy2 (124)
_ (M (ont N | (Lhv (g ) (9n" on L=V (M5 (9n" o*n’

w2 <J% ) <:aY* )T\ 2 xgyo) \ 9x* dx*dy* "\ 3yo) \ Iyt Ix2 (125)

To non-dimensionalize, set

2 Ps hs
xo=Yo=PBo=n="nN0=h, =7 (126)
bend

where /4 is the thickness of the plate (in m, for example). Then the above equations become

Dpeng 9277* Dpeng Dbend Dbend _ Dpeng 971* . 971* . 9277*
h3 or+2 + h3 6x*4 +2 Th ax*z =+ (1 V) 13 dx*  dy*  dx*dy*

y
o= +(Cr) %1 (o) () (D v 3 )+<1fv><Dzand>(sz'aaizm
(3344 (5) (3F)) (D F+v (D 5) 00 (3 (36575
(127)
()3 (5) () 3+ (5) () s =
(DO
with

. 1 an* 8271* 1+v 1 an* 8217* 1—v 1 an* azn*
me <Z> <3x* ' 9X*2)+< 2 > <ﬁ) (3y* ’3x*8y*> +< 2 ) (h) <3x* 2 (139)
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1\ /dn* I’n* 1+v\ [1\ [dn* I’n* 1—v\ /1) [/dn* *n*
Q= |- . | == — : 131
2 <h> <8y* dy*? ) + ( 2 > <h) (3x* dx*dy* (2 h)\ dy* dx*2 (131)
Dividing through by the appropriate coefficients results in the following non-dimensional set of von Karman plate
equations:

2% * * * 20k
o SN VAT 12 [(1 —v{ B o } P
gE = 2B* an* 2 32 * 52 * 9 an* 2 82 * 32 * (132)
Dbend —|—(a€*+%(az*))(axg* +Vaygz)+<a;i+%(ag*)>(a}22 +Vax1*72):|
9’B* 1-v\ d?B* 1+v\ 9%y
o0x*2 Jr( 2 > dy*? Jr< 2 ) ox*dy* — (133
2%y 1—v\ %y 1+v\ 9%2B*
dy*2 + ( 2 ) ox*2 + ( 2 ) ox*ay* — (134)
where
_ (on* I*n* 1+v\ [on* J°n* 1—v\ /dn* 3*n*
&= (W 8x*2>+< 2 ) <8y* .Qx*ay*)jL( 2 ) <$ 8y*2> (135)
_(on* o*n* 1+v\ /on* d*n* 1—v\ /dn* I*n*
o= (G 5 ) (57) (5 g )+ (37) (G ) 1%

One can check that these equations are really dimensionless by checking the units of g, as before:

N
. ~.g3 _m'm3_N-m_
units g : =

Dpera N-m  N-m

1 (137)

The boxed equations above are consistent with what is given on the first page of [5].

4 The Coupled (Linearized) System

Our aim here is to write the coupled system of equations describing the fluid motion around a solid plate in the
z = 0 plane having the form:

(138)

The coupling matrices B and C come from the implementation of the appropriate BCs.
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Recall that U' = (o' vV W' (' p )T € R? are the perturbed fluid variables (so U = U + U’ where U is

the base state) and q = ( B v n )T € R? is the displacement in each of the x,y,z coordinates respectively (so B
and 7y are displacements in the plane and 1) is the displacement out of the plane!!. In this Reduced Order Model, we

expanded U’ and the z-component!? of the displacement vector in the respective orthonormal basis:
M
=Y a(t)o(x) (139)
k=
P
n(x,y,1) Z ()& (x,y) (140)

Since the original coupled fluid/structure system of PDEs will become a coupled system of ODEs in the context
of the ROM, the F' and S vectors in (138) will contain the ay () coefficients and by (¢) and by (¢) respectively:

al(t)

F=(a() )= : eRM (141)
aM(t)
b](l‘)

(v | o)

s= (860 )= | b | <= (142
b (1)

The matrices A, B, C and D describing the system (138) will be determined by the linearized Euler equations for
the fluid flow, the linear von Karman plate equations for the plate motion (with all non-linear terms in the full set of
equations omitted) and the appropriate no-penetration boundary condition, whose implementation was discussed in
§2.2.

4.1 Fluid Side

For the fluid side, we consider the linearized Euler equations:

ouU’

U +A(0)=— I

_ . oU _.ouU N
+A,(0)—=— 2 +A (O)—=— o +C(U,VO)U' =0 (143)
where the A,(U),A,(U),A,(U) and C(U, VU ) matrices are derived in [1] and are given in (4) and (5) respectively. Let

A(U) = ( AL(O) Ay(U) A (U) ) (144)

and define the linear operator

LU =—-A0)-VU' - C(U,VO)U' (145)

Tn Dan’s notation, 8 = u, Y= v and ) = w. The notation has been changed in this document to avoid confusion with the fluid velocities, denoted
by u, v and w. Note also that in the notation of [5], b;(r) = (1), &;(x,y) = W;(x,¥), Oun(%,¥) = Upn (%,5), Omn(%,¥) = Vi (x,).

12The x and y components will be omitted in this analysis to ensure the resulting system is linear. See the “Structure Equations” section for more
on this.
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Taking the Galerkin projection of equation (143) onto each POD mode ¢; gives

(U 9))y = (LU 9)) (146)

for

(u,v)y = /Q u H({O)vdQ (147)

The H(U) operator is defined in [1] and is stated explicitly in (11). Using the orthonormality of the basis functions ¢,
(146) reduces to the following linear system of ODE:s:

g

ar(r) = ) ai(t) (9, L9y (148)

-
Il

1

where k = 1,...,M. Applying the definition of the inner product (147) to (148) and integrating by parts (where the
integral in (149) is over the entire boundary 0Q = dQp U JdQr) gives

a(t) =Y ait) Jo o H(O)L 9d o
=Xijalt N {Jad{HO)[-A0) Vo~ C(U,VO)4ldQ} o
=Y ai(t){ Jyo —of HO)[A(D)- ]¢zdS+fQ(V-¢{H(_U)A(U)—¢ZH(U (U,V0)) ¢dQ}  (149)

Jaa—0{ H(U )[ < ) wdsm ]az<>fQ(V-¢Z{f<U)A<

=—Is+ Y a(t) o (V-9 H(O)AU) — 9l H(U)C(U,V0)) $dQ

Recall that the linearized no-penetration boundary condition in the context of the problem in question (with the
fluid flow in the x-direction and a plate lying in the z = 0 plane)

n :w’—i—ﬁg—n on dQp (150)
X

was implemented in §2 and an approximate non-reflecting far-field boundary condition was implemented in §3. In
particular, one had in (82) that

P

M . : P _0&,
- 345 . 5 _ )i~ 2
Is _kZZIak(t) (/agP 9; ¢de+/aQF hk((b/)dS) + 2 bk(t)/agp ; &dS kEZIbk(t)/aQP o;i e das (151)

k=1

Substituting (151) into (149) yields, fork=1,... .M

z;‘ila,(r){— (fagp O207dS+ [30, h1(¢k)dS) +Jo (V- ¢TH(D)A(U) - ,ZH(U)C(U,VU))@dQ}

ailr) = +X0 bt )faap( A aai’)dSJrZ’ 1bi0) Joa, (=0:81) dS

(152)

where 4;(¢y) depends on the four cases considered §2.3 and is given explicitly in (81). (152) defines a system of
equations that can also be written in matrix form:

F=(4A B)(?) (153)
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where the entries of the A € RM*M and B € RM*2P are

(/ 097 +/ i(9i dS) ./g.z(V'(PiTH(U)A(U)_¢iTH(U)C(U V0))9;dQ, 1<i,j<M
(154)
B(i,j) = Joor (¢5u‘fff) 1<i<M, 1<j<P (155)

Joa (-7 5;4)6157 1<i<M, (P+1)<j<2P

These equations will be written in matrix form shortly. Note that the integrals in (155) and the surface integral in (154)
are L? inner products.

4.2 Structure Side

At this stage in the analysis, we require the stability of only the coupled linear system (138). As discussed in the
“Structure Equations” section, the motion of the plate is assumed to follow the von Karman plate equations, which are
in general non-linear. In order to end up with a linear set of structure equations, we disregard the non-linear terms,
which entails ignoring the in-plane displacements and thereby keeping only the 11 component of the displacement
vector'3 q = ( B v n )T. Let us consider the dimensional equation (100). Doing so will make it easier to interpret
the energy matrices derived in a physical context.

Recall that the dimensional linear von Karman equation for the z-component of the displacement is

(psh)il = —Dpena (V1) + ¢ (156)

where V4 = (V2)2 = (A)? is the biharmonic operator with the derivatives with respect to z omitted, given by

AN 9

= o "o T2aaan

157)
and Dpyq is a constant, namely the bending stiffness. The function g(x,y,#) will be defined later in this document to
be the pressure (and indeed has the units of pressure: N/ m?). We will project equation (156) onto the orthogonal POD
modes & (x,y) using the standard L? inner product

(,v) 2 = /aqudS. (158)

Let (u,v), denote the L* inner product over the plate boundary dQp and (u,v)f, denote the L* inner product over the
far-field boundary dQp. Earlier,the z-component of the displacement was expanded in the appropriate orthonormal
eigenmode basis, i.e., the &;(x,y):

n=) b;jt);(x,y) (159)

™=

J

Substituting (159) into (156) one has, fork=1,...,P,

13See §3.3.

28



psh (L= (1), ék)IL)z = (DpenaV* (— X1 b1(1)E)) + g, ék)IL)z
PHEL Bi(1) (8,601 = —Drena Xy (b1(6)V*E, &) 1 + (2,807 (160)
pshby (1) = —Dpena X bi(1) (V*E,&) 12 + (8. &)1

REMARK: Note that the units of the POD basis functions &;(x,y) are taken to be units of length, e.g., m. This means
the L? inner product (&;,&;)F, = 1 has units of area, i.e., m*. It follows that psh = psh(;,&;)F, actually has units of
mass, not mass per unit area. We call attention to this fact here because it will come into play when the energy matrices
for the coupled system are derived later in this document.

If we consider a square plate in the z = 0 plane with 0 < x,y < L and impose the BC of simply supported edges, it

turns out that the functions V*&; and &; are orthogonal, i.e., (V*&, & j); =0 for all j # k. Then the last line of (160)
reduces to

(psh) bi(t) = —Dpena (V4 ‘gk)fz bi(t) + (8, &) (161)

The ultimate purpose of this derivation will be to derive an energy matrix, call it Ep. It will be desired to decompose
this matrix into two submatrices, one representing the mass and one the stiffness'#. Defining

wkz = Dpena (V4§k75k)f2 = Dpena AQ V4§k§kds (162)
P
Gil1) = (8.807= [ s&uds (163)
aQp
(161) becomes
(psh) by + Wby = G (1) (164)

(164) is actually the dimensional version of (14) on p. 4 of [5] (with the non-linear terms omitted).

Let us now specify the right hand side term g(x,y,#) in (160) to be the unsteady fluid pressure loading, so G (¢) is
the pressure loading term. The pressure is applied downward and the coordinate system is chosen in the direction of
increasing z. It follows that

g(x,t) = p(x,y,0,t) (165)

and

@@Z@mﬁ=AQ@MmWMS (166)
P

Expanding the pressure in the appropriate component of the ¢; basis vector,

M
px.y,0,6) = Y ai(1) 97 (x) (167)

Substituting (167) into (166) gives

14Gee §5.2.3.
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M M P
Gy = Yait) [ o3as =Y (0%.8) L) (168)

i=1

Let

G= G (169)

Ga(1)

Then (160) can be written as a linear system in terms of the S vector, defined in (142):

by (l‘) by (l‘) 0
Opxp (psh) Ipxp :
bp (l‘) bp (l‘) 0
nal o = X +
(psh) & b1 (1) - b1 (1) 0] (170
: —Lpxp Opxp : :
be(1) 0 Ge(1)
(psh) S = L N + G
where Ip, p denotes the P x P identity matrix and Opp is the zero P x P matrix and
4 P
Dpeng (V¥E1,61) 2 0
Lpup= : : (171)
P
0 =+ Dpena <V4€P7§P)L2
Here, L € R?P*2P_ Using (168), the vector G in (169) can be written as
G=JF (172)
where
Opsm
_ 2PxM
J= (¢157§1)2’2 (@@1)2’2 € R (173)
P . : P
(00.8) 2 - ($inr&P) 12
Alternatively, one can write (170) as
S=CF +DS (174)

_ 1 _ 1
where C = ﬁj and D = WL'
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4.3 Summary: Coupled Fluid/Structure System

We are now ready to write down the equations for the coupled fluid/structure system in the form (138). Recalling
the definitions of the vectors F and S, the first containing the fluid ROM coefficients and the second containing the
solid ROM coefficients and their time derivatives, the system has the form

(5) - (e5) (§) e

X = K X

Define

(u, V) gy = /QV- (" H(D)A(D)) vd© (176)

Lemma4.3.1. (-,-) 4 : R> x R> — R defined in (176) satisfies the first three axioms of an inner product.

Proof. We check the first three inner product axioms:

1. The first axiom is that (u+v,w)gga = (4, w)ama + (v, w)gma. This follows immediately from the linearity of the
divergence V-.

2. The second axiom to check is that (au,v)sma = a(u,v)gga for any scalar or. This property is also trivial,
following directly from the linearity of the divergence operator.

3. We must show that the operator is symmetric, namely (u,v) ;54 = (V1) yz4- Applying the divergence theorem,

(V) aia :fQV'(“TI:I(U)A(U) vdQ _ ~
= [5qu HU)[A(O)v-n]dS — [qu' H{O)[A(T) - Vv]dQ (177)
= Jya[H(D)u]" [A(D)v-n]dS - (u,A(U) - Vv)

The first term in the last line of (177) is a surface integral of a vector dot product (because H is symmetric),
which is an inner product and hence symmetric. The matrix H in the second term of the last line of (177) was
actually derived such that (-,-)y defines an inner product and thus satisfies symmetry. It follows that, since
(u,v) 414 1s the sum of two symmetric operators, it too satisfies the symmetry property.

O
Now, A € RM*XM B c RMX2P ¢ R2P*M and D € R?**2F matrices are given by
3 45\F F T IT
- ((Pl v¢1 )52 - (hl (‘Pl)a 1)1132 - ((Pl ,C(({,V[{)(P] )H + (‘Pla(pl)dHA
—(93,07) 2 — (m(92), V)12 = (62,C(T,VO) 1) g + (92, 01) gz
A= e RM*M (178)

- (¢1l3/[a ¢1S)€2 - (hl (¢M)7 I)ILTZ - (¢M7C(03V0)¢1 )H + (¢M7¢] )dHA
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_og P _aep\ P P P
(of.a%),, — (oha%), | ~(he)n - — (o8&
B= E<EMXP|C;XM )
_o&y \F _agp\ P P P
(ogo0%2) , o (0a%2) |~ (@& —(0ié)r
0
PxXM Opo
= 1 P 1 P =
C= psh <¢15’§1)L2 psh (¢}f/l7§1>L2 -
) ) 1A~
: —Cpxm
: : psh
1L (45 P 1L (45 P
psh (¢1 agp)LZ psh (¢M7‘§P)L2
Opxp Ipxp Opp ‘ Ipup
_ Dion 14 _
D= = (V41,8),, O =
: . : Opp —[ﬁipxp Opxp
D, P
0 e el (VAEp.&p)

5 Stability Analysis

(179)

(180)

(181)

The goal of this system is to prove the stability of the coupled system (170). To do so, we must make one additional
assumption, namely that the flow is uniform. Mathematically: VU = 0. A consequence of this assumption is that the
C(U,VU) matrix is identically zero. This property is nice because it makes the A matrix symmetric which makes

possible the upcoming stability analysis.

5.1 Useful Prior Results

In analyzing the stability of the coupled system (170), we will make use of the following theorems, proven in [3].

First, a definition, quoted from [3]:

Definition 3.1 in [3]. We say that K is ‘stable’ if and only if:

1. K is diagonalizable in C.
2. VA eSp(K),Z(A) <O0.

Theorem 3.1 in [3]. A real, symmetric positive definite (RSPD) matrix Ex is an energy matrix for K if and only if for

all X that solve X = KX, 1 4 (XTEgX) <0.
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Theorem 3.4 in [3]. IfA and D are two real, stable matrices with energy matrices E4 and Ep, then

{EsB+ (EpC)T =0} = {K = ( A B > is a stable matrix.}

C D

5.2 Energy Matrices (Structure Equations in Dimensional Coordinates)

We now derive the energy matrices E4 and Ep for the problem in question.

5.2.1 The E4 Matrix

If the flow is assumed to be uniform, the A matrix reduces to

=(90,07) 2 = (00, D+ (00,00 ama = (97:031) 2 = (aa(91), D2 + (01, 001
—(93,07) 12— (M (62), )2 + (02,00 ama - — (83, 95) 12 — (rar(92), 1) + (92, 91) g
N . |
= (088 — () D+ s 8)mn ++ — (930305)"5 — Chaa(O), )+ (O, o)
IfF =(ai(t) ax(t) --- ap(t))T € RM is the vector of fluid ROM coefficients, F satisfies the system
F =AF

Recall the definition of the L? inner product:

U,v); 2 = uvdS
wnp= [

Under the uniform flow assumption, the (-,-) ;4 integral reduces to

(U, V) yga = (uTH(__)A(l?)) vdQ
V. (H(O)A(U)u)dQ
; (H(O)A(U)u+H(U)AU) - (Vu)|dQ

[V
[H(O)AU)]- (Vu) dQ
By Theorem 3.1, in order for E4 to be an energy matrix with respect to A, it must be that

1d .
S (FTEAF) =FTEsF = FT[E4AJF <0

Lemma 5.2.1. E4 =1 is an energy matrix for (184).
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Proof. Let E4 =11in (187). Then

1 1 1
(FTEsF) = 5 (F'F) = 5 Y ai(r) = 5(U’,U’)H —E (188)
k=1

N —

using the orthonormal POD representation U’ = Y3 | ax (1) ¢x(x), the fact that [q, ¢;H (U) ¢ = 5 and the definition of
E= %(U " Uy, an energy-like quantity derived from the flow disturbances. It was shown in [1] that % u'\u), =0
for C(U,VU) = 0. It follows from (188) that 1 4 (FTE4F) = 0 for E4 = I, meaning (187) holds. By Theorem 3.1 in
[3], E4 =1 is an energy matrix.

O
5.2.2 The Ep Matrix
We now derive an energy matrix Ep. Recall that
by (1) b (1) 0
: Opxp (psh) Ipxp : :
bp(1) bp(t) 0
AR ; = ; +
(psh) & by (1) i b (1) G\ (1) (189)
. —Lpyxp Opxp : .
i?p(t) bp(l) Gp(t)
(psh) S = L S + JF
where
4 P
Dpeng (V4E1,61) 2 0
Lpxp = : : (190)
P
0 =+ Dpena <V4€P7§P)L2
By Theorem 3.1, in order for Ep to be an energy matrix with respect to D, it must satisfy
1d )
S (STEpS) = STEpS = ST [EpD]S < 0 (191)

since S = DS (recall that D = IﬁL). A sufficient condition for (187) to hold is if the matrix EpL were non-positive
definite (assuming ps, h > 0, which they have to be to make sense as physical quantities).

Lemma 5.2.2. The matrix

Lpxp Opxp

Ep (192)

Opxp | (Psh)Ipxp

is an energy matrix for (191).
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Proof. 1t is sufficient to show that ST EpLS < 0 where S = (b(¢) b(z))”. Multiplying out this quadratic form:

prp Opxp Opxp ‘ (psh)IPxP
. b(t)
T _ T T :
STEpLS = ( b()T b)) b(r) )
Opxp | (Psh)Ipxp ) \ —Lpxp | Opxp
Opxp (psh)Lpxp
. b(z) (193)
_ T T X
=(b(®" b ) ( b(t) >
—(psh)Lpxp Opxp
= (péh) [—B(t)TZpob(t) +b(l)TLpob(t)]
=0
It follows from (193) that 1 4 (STE)S) = 0, meaning Ep defined above is an energy matrix. O

5.2.3 The Ep Matrix in terms of Kinetic and Potential Energy

Recall the linearized, dimensional von Karman equations projected onto the POD modes 1;(x,y) for the b(r)
coefficients can be written as a second order system

P
.o P
(Psh)bic(t) + Dpena Y. i) (V*E1. &) 12 = (P &)1 (194)
=1
In matrix form, this system is
) d*b .
( sh)IPxPW +Lpxpb=G (195)

where [ is the P x P identity matrix and

Dpena (V4§1,§1)€z 0
Lpyp= : : : (196)

: . : .
0 -+ Dyena (V*&p,8p) 2
Compare (195) with equation (2) in [4]. In this context, (psh)Ipx p represents the mass matrix M and the matrix L plays

the role of the stiffness matrix K. Note that G is the vector of external forces acting on the structure. In the notation of
[4], the damping matrix is zero, as (195) contains no db/dt term.

The mathematical definitions of kinetic and potential energy are

1
KE = 5qTMq (197)

1
PE = 5qTKq (198)

where M is the structure mass matrix, K is the structure stiffness matrix and the equation for structural displacement
has the form

d’q | _dq
mEd L pf L kg = e 199
o2 TP tKa S (199)
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As stated a few lines above, M = (psh)Ipxp, K = L and D = 0. Note that psh has the units of mass per unit area;
however, the inner product (§;,§ 1)1}32 = 1 that is implicity present in this quantity (see (160)) has units of area, meaning
the units of the mass matrix are actually units of mass, as desired.

It follows that the Ep matrix has precisely the form

Ep= ( I(()' [8[ ) (200)

where M represents a mass matrix and K a stiffness matrix. In this notation, the quadratic form ST EpS decomposes
into a KE and PE component:

1
—STEpS =

2 b

N =

. 1 lor .
(b b’ )( Ig 181 ) ( b >=§bTKb+§bTMb=KE+PE (201)

5.3 Stability Results

. . ~_ A B .
Theorem 5.3.1. Under the uniform base flow assumption (VU =0), K = cC D defining the coupled system
(given in (175) with A, B, C, D defined in (178), (179), (180) and (181) respectively) is a stable matrix if it = 0.

Proof. By Theorem 3.4 in [3], K is a stable matrix if EB + (EpC)” = 0. To simplify the notation, write

P
(o.022)" - (o7.6%2) | ~(Fe0p - (o780
B L S = (Buer | oy ) Q0)
(), (o), - s,
M> ox 12 M> ox 12 M S1 12 M SP 12
Opxm Opar
C= %<¢1,51)L2 G = (203)
: pff,,C’PxM
Lh(¢17€}))l‘2 L},((1)M7§P)LZ

In this notation, the matrix sum of interest becomes

EsB+ (EpC)T =EsB+CTE}

Lpxp Opxp

—1( Buxe | ~Chy )+ ( Our | 35Chan )
(204)

Opxp | (psh)Ipxp

=( Buxr | =Chpr )+ ( Omxr | Chons )
=( Buyxp | Opxm )
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(204) is the zero matrix if By p = 0 where

(oha), o (ohi),
Buyxp = : ; (205)
(o), - (Bur),

Clearly this holds if # = 0, so it = 0 = E4B+ (EpC)” = 0. By Theorem 3.4 in [3], K is stable under the hypotheses
of the claim.

O

Note that the system can be stable for non-zero i; it is just not guaranteed to remain stable. In the case where
ii = 0, the structure cannot extract energy from the mean flow, as occurs in flutter. For i # 0, an aero-elastic analysis
proceeds by determining the conditions under which the eigenvalues of K will have positive real part. For supersonic
flow, it turns out that once i exceeds a certain threshold (the flutter speed), the system becomes linearly unstable.

6 Current and Future Work: Staggered Time Integration Scheme for Cou-
pled Linearized System

Having studied the stability of the coupled linear system (138), the next step is to derive a staggered time-
integration scheme for this system. We are considering a 2nd order accurate explicit/implicit (fluid/structure) scheme
similar to the 1st order accurate explicit/implicit schemes discussed in [3]. The scheme currently being considered
involves 2nd order Runge-Kutta (RK-2) time integration for the fluid field and an implicit, Crank-Nicholson scheme
for the structure side. For example, the scheme might have the form:

1. Start with some initial guesses F° and S°.

2. Advance the fluid system forward in time using the RK-2 explicit scheme:

F* _ Fﬂ

N SAF"EBS" (206)
F** 7F*
—— =AFT+BS" 207)
Tl 1 * Kok
Fril = 2 (F" +F") (208)

3. Correct the updated fluid field to enforce stability and 2nd order accuracy:
Frl el 4 [F"“‘} (209)

4. Compute $"*! using the trapezoidal family of schemes for a chosen o € [0,1] (note that the scheme will be
implicit for o € [1/2,1]).
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Sn+l _ gn

= CF™! 4 p§"te (210)

where

S — (1 — o)S" + oS+ (211)

5. Correct the updated structure field to enforce stability and 2nd order accuracy:

§r = 5T 5] (212)

One might also try some variations of the scheme above with “tighter” coupling of the fluid and structure fields.
Proving stability of such a scheme is likely to be far more difficult. Current work is focussed around deriving the
corrector terms [F ”“L] and [S"“L] to enforce 2nd order accuracy and stability of schemes such as the one given
above.
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