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Abstract. The finite element method for axisymmetric and cyclic symmetric structures has
been developed and integrated in numerous commercial FEM codes. Based on the periodicity
of the geometry and loads, the dynamics of a 3D structure can be solved by considering only
its section or one period, which permits to reduce the calculation time. However, this method
cannot be used easily when the boundary conditions and loads are not symmetric. This article
presents a new approach of the wave finite element method (WFE) to calculate the dynamic
responses of such a structure in a general case: non-symmetric loads and boundary conditions.
Based on the WFE for periodic structures, we can determine the wave decomposition of a
substructure’s responses in the cylindrical coordinate system. The loads on the substructure can
be represented as waves added to the response. Then, we apply the wave decomposition to all
substructures until getting the first one and this results a relation between the wave amplitudes
and the external loads. This relation is simple and can be applied for arbitrary boundary
conditions via the reaction forces. The numerical results show the advantage of this methods in
the calculation time in comparing with FEM.
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1 INTRODUCTION

Many engineering structures are axisymmetric or cyclic symmetric. Some techniques of the
finite element method can deal with this type of structure without any difficulty when the loads
and boundary condition are also symmetric [1]. However, when the “perfect” symmetry is not
respected, the classical FEM and some reduced models can be applied but they have sometimes
disadvantage because of the heavy calculation due to the great number degree of freedom or
the model construction cost [2, 3]. This article presents a new technique of the wave finite
element method (WFE) for such a structure in general case: non-symmetric loads and boundary
conditions.

The wave finite element method was developed originally for the wave propagation in peri-
odic structure [4]. This method permits to calculate the dynamic responses of a period structure
by using the wavemodes of one period of the structure with different approaches [5, 6, 7, 8,
9, 10, 11, 12, 13]. Recently, this method has been applied for cyclic symmetric structures in
several researches. Mencik [14] has used the force response and dynamic flexibility modes of
cyclic symmetric structures. This technique is also applied to compute the free and forced vi-
bration of a tire [15]. Reno et al. [16] proposed a the wave decomposition in angular and axis
directions for calculating the forced response of cylinder and cylindrical shells. However, these
methods can not applied easily when the periodic structure presents boundary conditions.

This article proposes a new and simple expression (see equation 21) to compute the response
of a cyclic symmetric structures with WFE. By rewriting the dynamic equation of one period
of the structure in the frequency domain, we can obtain the wavemodes which propagate in the
two circumstantial directions of the structure. The loads on a period appear in this relation as
an additive term. On the other side, the boundary of the last substructure is also a boundary
of the first one. This characteristic leads to a simple expression of the wave amplitudes of
the responses according to the external loads on the structure. When the structure has some
non-symmetric boundary conditions, this method can be applied by calculating via the reaction
forces. For applications, the first example of a 2D gear subjected to forces at a teeth and a fix
boundary condition shows a time reduction of 90.4%. The second example is a cooling tower
which is represented by a shell model and the calculation shows that the new technique allows
a reduction of of 30% computing time compared to the FEM.

2 BASIC FRAMEWORKS

We consider a cyclic symmetric structure which is composed of /N substructures. Each
substructure is subjected to external loads which can be different for each substructure. By using
the finite element method, the dynamic equation of a substructure can be written as follows

Dq=F (1)

where q and F are the DOF and nodal loads; D is the dynamic stiffness matrix of the cell.
Change of the coordinate system: In order to take into account of the geometric symmetry,
equation(1) needs to be established in the cylindrical coordinate system. If it is in a Carte-
sian coordinate, we can change the system by using the rotation matrix. For each node of the
substructure, we have the element rotation matrix for a vector ¢* = [¢. ¢, ¢.] given by

Gz cos —sinf 0 qr
¢y | = | sinf@ cosf O Gy 2)
q- 0 0 1 q.
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where 6 is the angle coordinate of the node. Then, the rotation matrix R is the diagonal block

matrix of all element matrix. Finally, the dynamic stiffness matrix in the cylindrical system is
given by RTDR.

quFP

unFM

Figure 1: A cyclic symmetric structure presented by a substructure

Each substructure connects to the other ones by its boundaries in counter-clockwise (P) and
clockwise (M) directions (see figure 1). Thus, we can rewrite equation (1) as follows
D;; pIM pIP

1 q, F,
Dy Dy Dup qy Fu 3)
Dp; Dpy Dpp qp Fp

where [ denote for the inner nodes. We can reduce the inner nodes q; from the first row of
equation (3) as follows

~ _1 ~ ~
q; =D;; [F; =Dy qy — Dipqp]
Then, by substituting the aforementioned equation into equation (3), we obtain

Dy F; i Dy Dup av | _ | (5)
Dp;F; Dpy Dpp qp Fp

L
Dy = DyiDy;

“4)

where

Dp; = ]~)PI]~);[1

D = Do — IN)MIf);]lf)IM Dpp =Dpp — IN)sz);Ilf)zp (6)
Dyp =Dyp — IN)MIf)[_]lf)IP Dpyr = Dpy — ﬁplﬁf_jlﬁIM

We see that equation (5) presents a relation between the nodal loads and DOF at the coun-
terclockwise and clockwise boundaries of the substructure. For the two consecutive substruc-

~ . Fgl) -

T
\
\

Figure 2: Two consecutive substructures

tures as shown in Figure 2, the counterclockwise boundary of (n) is the clockwise boundary of
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(n + 1). Therefore, we have

n n+1
qu) = qgw ) %
(n) (n+1) _ ()

FY) + FU) — gl

where ngi are the external nodal loads at the counterclockwise boundary P of the cell (n) as

shown in Figure 2. By combining equations (5) and (7), we obtain

n+1 — n n
—F{Y (Dp; — DppDy Do) F + FS) —F;

where . .
S = _DMPDMlM _DMP L 9)
Dpy —DppDypDyy —DppDyp |7

We can also rewrite equation (6) as follows

u™) = Su™ 4 p™ (10)
where
q(n) -D,; D]VHF(n)
w =1 o [ b= LDV E™ ) (1)
_FM (DPI - DPPDMPDM I ) FI + FaP

Equation (10) presents a relation between the response (DOF and nodal loads) of the sub-
structures (n) and (n 4 1). Here b" presents the external loads on the substructure (n) (when
the cell is free, b™ = 0). In the periodic structure of N substructures, this equation presents a
recurrent relation with regard to n, which can be reduced to the following results

u = §"u® 43 " g Fp (12)
k=1

Equation (11) gives the relations between the responses at the substructre (n) and u®. We
note that u(®) can be chosen at any substructure because the structure is periodic.

3 WAVE DECOMPOSITION

The matrix S given by equation (9) is a linear transformation which yields complex eigen-
values and eigenvectors {/i;, ¢;}; defined by S¢; = 1,¢;. Due to the symplectic nature of the
matrix S (see [5]), we can put the eigenvalues in pair (i, 1) with y5 = 1/ which correspond
to the pair of eigenvectors (¢;, ¢5). We call ¢; the wave from the left to right with eigenvalue
|12;]] < 1 and ¢} the wave from the right to left with eigenvalue ||z5]| > 1.

The set of ¢; and ¢ forms a base of the vectorial space of u™ and b(™ defined by equation
(10). This base is symplectic orthogonal in the meaning of qﬁjr.] O; = qﬁjTJ ¢r =0 (Vi,j) and
5T Ipy = ¢f JgF = 0 (Vi # j)(see [8]). We can normalize this wave base in the meaning of
971 I = —¢] J¢; = L.

If we note ® = [¢; - - - ¢,] and ®* = [¢} - - - @], we can decompose each vector of equation
(9) in this wave base as follows

u™ = QM — Q"

. (13)
b(n) _ (I)le) — P* E(n)
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where Q™. Q*(™ are the wave amplitudes of u™ and Q Q*E(k) are the wave amplitudes of
the external loads on the intermediate substructures b(™

The wave decomposition in equation (13) is different from usual expression for WFE by the
minus sign on the right to left waves. The advantage of this expression is that we can calculate
directly the wave amplitudes by using the symplectic orthogonality of the wave basis as the

following
Q(n) _ (I)*TJu(n)’ Q*(n) <I>TJu(”

(14)
QW =a7Jp™, Q)™ = &"Jpb™
By substituting equation (11) into equation (14), we obtain (see A)
¢ = (4, Das + @] D) FY + 8TF) (15)

QY = (W @Dy + ®IDp;) F + BTF))

Equation (15) shows that the loads on each substructure creates two waves which propagate to
the counterclockwise and clockwise directions of the structures.

Now we will calculate the responses of a substructure in function of the wave amplitudes.
By replacing equation (13) with n = 0 into equation (12), we obtain

u(n) —Sn (‘I)Q B (I)*Q*) + Z Snfk <(I)Qg€—1) _ & E(k—l)> (16)
k=1

where Q, Q* are the wave amplitudes of u(”). In addition, we have by definition of the wave

bases
S"® =qu", S"®* =d* " (17)

Thus, we can rewrite equation (16) as follows

u(n (pll' Q P+ *nQ _I_Z(ppln ka’ 1) (p*”*n—kQE(k—l) (18)

k=1

Because p* = p~!, we have

u® = op" (Q + Zu*’“Q%“”) — <Q* + Zn’“Q}}(“)> (19)

k=1 k=1

On the other side, the counterclockwise boundary of the substructure /N is also the clockwise
boundary of the substructure 0, we have u™) = u(?. In addition, the wave decomposition of a
boundary in the wave base {®, ®*} is unique. Thus, we have

N

N
Q=[1-u"]" Y w ¥, Q=" -1 uq (20)

k=1 k=1
Finally, we obtain the expression of the response by substituting the aforementioned equation

into equation (13)

N
u® =@ [1-p] 7 Y p QR @ [T Zu Q;" 1)

k=1
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Equation (21) presents the response at the boundary of each substructure and the external
loads on the structure. For the inner nodes of the substructures, we can use equation (4) to com-
pute the response. We note that this method needs to calculate only once the wave amplitudes
of the external loads on each substructure and we don’t need to inverse any matrix as in the
classical FEM.

Remarks

Non-symmetric boundary conditions: We see that the structure’s responses can be calculated
from the external loads via their wave amplitudes given in equation (15). However, if the
boundary condition is given instead of the forces, we can use use this method by calculating
via the reaction force. Firstly, we write the relation between the displacement of the boundary
condition in function of the reaction forces and external loads. Then, we can write the boundary
condition to obtain an equation on the reaction forces. Once the reaction forces are calculated,
we can compute the responses of the structure.

Symmetric loads: When the loads on the structure is symmetric, we have Qg) = Qp and
fE(k) = Q) for all substructures. We obtain the following result from equation (21)
w =@ [I—p ' Qp+ @ I—p] ' Q} (22)

It is remarkable that this result does not depend on the number of substructures.

4 NUMERICAL APPLICATIONS

Let’s consider a 2D gear with 36 teeth as shown in Figure 1.The structure is subjected to a
load at the tooth of the substructure number 1 and a fixed constrain at the radius of the substruc-
ture number 10. We use the finite element method with the element type S4 in Abaqus to obtain
the dynamic stiffness matrix of a substructure. Then, the calculation is performed with FEM
and WFE methods in Matlab. Figure 3 shows the results obtained by the two methods. The
results agrees well and the calculation times are 17.7s and 1.7s for FEM and WFE respectively,
which means 90.4% of time reduction.

FEM
WFE| |

E 181
E s
@ i St & 1 i
E _ el 3 N !
§=H 4§ L,
w
o -22
w
=
z
o -24
-26
2a L . . |
0 50 100 150 200

Frequency (Hz)

Figure 3: Result example 1

We take another example of a hyperbolic cooling tower in a nuclear center. The dimensions
of the tower are given by [17] with height of 138m, the fixed base is of 108m in diameter. The
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tower is subjected to a pressure in a rectangular domain of 10x5m with the center at the height
of 100m. This tower has an axisymmetric geometry but the load is not symmetric. Therefore,
we can not use the axisymmetric element in FEM code. We use the shell element S4 to compute
the dynamic stiffness of the whole tower and its substructure which composes only 1 element
in the tangent direction, corresponding to an arc of 5°. Thus, the number of substructures is
3—?0 = 72. It is remarkable that each node contains 6 degrees of freedom corresponding to the
displacements and rotations in 3 directions. Therefore, the rotation matrix of one node contains
not only the matrix 3 X 3 in equation (2) but a 6 x 6 matrix with 2 diagonal blocks of this 3 x 3

matrix. Figure 5 shows the results obtained by FEM and the new method. The two results agree

Figure 4: Example of a cooling tower

well and the calculation times are 102.2s for FEM and 70.7 for WFE.

Radius displacement (m)

-20 ¢

-22 : ' ' . :
0 0.5 1 15 2 25 3
Frequency (Hz)

Figure 5: Example of a cooling tower

S CONCLUSIONS

By using the wave finite element method, we demonstrate that the dynamic response of a
cyclic symmetric structure is a sum of all waves generated by external loads in each substruc-
ture. This method permits to reduce the DOF of the structure to only one substructure and
therefore reduce the calculation times.
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A CALCULATION OF WAVE AMPLITUDES OF EXTERNAL LOADS

Because the vector u'™ contains two components corresponding to the displacements and
forces, we can separate the components of the wave base as follows

_| % «_ | %
@-[(I)Fl (I)_{@;} (23)
By substituting equation (11) into equation (14), we obtain

~ o7 (F ( ) 4 (Dps — DppD3 D) W) &:7D, LD, F"
=& 7F) + (9 — 9 Dpp) D]‘\jPDMI + @ Dp;) F

(24)
*(n ‘I>T <F(p + (Dpr — DPPDMPDMI) ) + (I)gDMpDMIF(n)
= ®TF) + (8% — ®7Dpp) DyoDasr + ST Dp;) FYY
In addition, we have the relation between the ®, and ® - as follows (see [8])
®p =Dpp®, +Dpp®,u” (25)
®%. =Dpp®; + Dpy®p
By substituting equation (25) into (24), we obtain
= ®;"F}}) + (12, Dass + @, Dpy) FfY 26)
QE = ®TF)) + (1@ Dy + ®TDp;) FY
If we note
| Fﬁ:) ®p = [”’(I);TTDMI + QZ;DPI (I);T] (27)
E Fg; ’ ¢, = [ﬂ*(l)q Dy + ‘I:‘q Dp; ‘I)q}
Equation (26) becomes
W =@xFY and Q)Y =&3FY (28)

On the other side, Fg) is the vector of the external loads applying on the substructure k. Equa-
tion (28) presents a simple relation between the external loads and its wave amplitudes.
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