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Abstract: It is necessary to use prestressed modal analysis to calculate the modal frequencies and mode shapes of a prestressed
structure such as a spinning blade, a preloaded structure, or a thermally deformed pipe, because the prestress effect sometimes
causes significant changes in the frequencies and mode shapes. When the finite element model under consideration has a very
large number of degrees of freedom, repeated prestressed modal analyses for investigating the prestress effects might become too
computationally expensive to finish within a reasonable design-process time. To alleviate these computational difficulties, a
Krylov subspace-based model order reduction, which reduces the number of degrees of freedom of the original finite element
model and speeds up the necessary prestressed modal analysis with the reduced order models (ROMs), is presented. The
numerical process for the moment-matching model reduction is performed directly on the full order models (FOMs) (modeled in
ANSYS) by the Arnoldi process. To demonstrate the advantages of this approach for performing prestressed modal analysis, the
prestressed wheel and the compressor impeller under their high-speed rotation are considered as examples.
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e Arnoldi process:
Given a nonzero starting vector r(:K_lf) and a matrix A(:—K_lM), this algorithm
produces orthonormal wvi,Vv,,.., v, such that
span{vy, vy, .., v} = span{r,Ar,...,Akflr} for k =1,2,..,n
[L, U] = 1lu(K); % LU matrix factorization (K = L*U)
v = U\ (L\f); % the starting vector by left division
v = (1/norm(full (v)))*v; % normalizing the starting vector
for j = 2:n % generate Krylov vectors up to n
v(:,J) = (L\ ( (:,3-1)))7
for k = lzj—l
hv = v(:,k) "*v(:,3);
v(:,3) = v(:,3) - hvrv(:,k);
end
v(:,3) = v(:,3)/norm(v(:,3));
end
Fig. 1 Generation of Krylov bases for X,(A, r) using Arnodi process in Matlab
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1) Let vy, = Av, where A=-K 'M

2) Multiply K on both sides, Kwvy,; = —-Mv,
3) Decompose K, LUv,,; = —Mvy

4) Solve for w, Lw = -Mv, where Uv,,; = W
S5)

Solve for vy, Uvyy = W
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Finite Element Modeling Model Reduction Eigenvalue Analysis
: ANSYS : Matlab : Matlab

eBuild a finite element model

e Perform two harmonic analyses
at different frequencies under an
arbitrary load so as to generate
FULL files which contain the
matrices M, K and vector f

e Define an output matrix L to
check responses at some points
of the finite element model

vector f;

eRead the matrices M, K and

o Perform the Amodi process to
generate the column vectors for
the matrix V that spans a Krylov
subspace I(,(- K 'M, K'f;)
eResult in the reduced matrices
M., K. and L, and vector f, in the
Matrix Market format

e Read the reduced matrices M,
and K,

s Perform eigenvalue analysis
with the reduced system

Fig. 2 Process of model order reduction for eigenvalue problems using ANSYS and Matlab
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Fig. 3 ANSYS model of a wheel: (a) CAD and (b) finite
element mesh (shell modeling)
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Fig. 4 Comparison of natural frequencies between FOM
and ROM (Q=0 rad/s)
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Fig. 5 Relative errors between FOM and ROM according
to the reduced order
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Fig. 6 The highest natural frequency f of interest and its
corresponding mode number k
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Fig. 9 Comparison of natural frequencies between FOM
and ROM (Q=200 rad/s)
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Fig. 10 Relative errors between FOM and ROM according
to the reduced order
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Fig. 11 (a) CAD geometry model and (b) ANSYS finite
element mesh of the compressor impeller model
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Table 1 Comparison of computation times in seconds

(a) Wheel problem
Computation time (sec) Full ANSYS model (N=248,712) Reduced model (n=100)
Meshing in ANSY'S 20 20
Simulation in ANSY'S 771 -
Processing of the FULL files" - 66
Arnoldi process - 136
Eigenvalue Simulation in Matlab - 1
Total time 791 223

(b) Compressor impeller problem

Computation time (sec) Full ANSYS model (N=161,190) Reduced model (n=100)
Meshing in ANSYS 12 12
Simulation in ANSYS 456 -

Processing of the FULL files" - 55
Arnoldi process - 114
Eigenvalue Simulation in Matlab - 1

Total time 468 182

* The full-size harmonic simulations are done in ANSYS.
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