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Aerodynamic Damping Predictions in Turbomachines
Using a Coupled Fluid—Structure Model

Dana A. Gottfried* and Sanford Fleeter"
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Flow-induced vibration of turbomachine blade rows is a coupled fluid—structure problem. Thus, rather than
separate fluid and structural models, a coupled interacting fluid—structures analysis is needed. This need is ad-
dressed by extending the finite element code ALE3D that solves the three-dimensional Euler equations to model
the unsteady aerodynamics of turbomachine blade rows. The same finite element model is applied to both the
blading and the fluid, which results in consistency between the fluid and structure. Such a coupled interacting
fluid-structure analysis enables the aerodynamic damping of multiple vibration modes to be predicted from two
time-domain simulations: one with the blading in a vacuum and one with the blading in flow. This novel approach
to predict aerodynamic damping is demonstrated by the consideration of a modern transonic compressor blade
row. The blading is first impulsed in its first bending and first torsion modes in a vacuum. It is then immersed in
the design-point flowfield and impulsed in its first bending and first torsion modes again. Signal processing tools
applied to the predicted blade response time history extract the difference in the decay rate of both modes.

Nomenclature
A = amplitude of response envelope
A = speed of sound
a; = acceleration
b; = body force per unit volume
E = specific internal energy
F" = hourglass viscous force
f = impulse force coefficient
h; = hourglass deformation rate
M = mass of element
n; = normal pointing out of control surface
Q" = hourglass viscosity coefficient
q = shock smearing factor
S = surface of element
t = time
U, = mesh velocity
u; = material velocity
V = volume of element
X; = position vector
r = hourglass deformation basis vector
€ijx = alternating unit tensor
¢, = nondimensional damping constant
due to aerodynamics only
Lot = total nondimensional damping constant
¢, = nondimensional damping constant in vacuum
0 = density
0jj = stress tensor
T = pseudotime/damping time constant
w, = frequency
Subscripts
e = elemental value
1 = nodal value, node number

i spatial coordinate, 1, 2, 3

Received 20 August 2003; revision received 19 December 2003; accepted
for publication 19 December 2003. Copyright © 2004 by Dana A. Gottfried
and Sanford Fleeter. Published by the American Institute of Aeronautics and
Astronautics, Inc., with permission. Copies of this paper may be made for
personal or internal use, on condition that the copier pay the $10.00 per-copy
fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers,
MA 01923; include the code 0748-4658/05 $10.00 in correspondence with
the CCC.

*Postdoctoral candidate, School of Mechanical Engineering.

TMcAllister Distinguished Professor, School of Mechanical Engineering.
Fellow AIAA.

327

j = spatial coordinate, 1, 2, 3
Superscripts
n = time step level

/

dual-mesh element quantity

Introduction

HERE has been great progress of turbomachine flow modeling

over the past several decades. In the steady flow realm, the
initial numerical methods, for example, panel methods, required
little computer time and did an adequate job of modeling subsonic
flows. Later, full Euler solvers enabled the modeling of transonic
flows, but still did not address viscous and three-dimensional effects.
Currently, designers use three-dimensional steady Navier—Stokes
solvers during the final stages of blade design.

Models for unsteady flow in turbomachinery have lagged behind
the steady flow models because of their added complexity. However,
their development is crucial because turbomachine blade rows op-
erate in an inherently unsteady environment. The unsteady aerody-
namic loading on the blading due to both flutter and forced response
is the root cause for high cycle fatigue blade failure. Thus, there is
an urgent need to predict this unsteady aerodynamic loading and use
the predictions to design more reliable and durable turbomachinery
blade rows.

For blade-motion unsteadiness, either the unsteadiness can be
specified a priori as a boundary condition to the aerodynamics, or
the aerodynamics and structure can be modeled simultaneously, as
in a coupled fluid—structure interaction problem. In the infancy of
this field, the former was chosen due to its relative simplicity. One
moves closer to full fluid—structure interaction by modeling the blade
as a beam. In this approach, there are two separate systems of equa-
tions being solved: the structural system and the fluid system. They
are coupled only in that the aerodynamic forces and blade state are
passed between each other after each time step. This pseudocou-
pling approach produces phase-lagging errors that can act as energy
sources or sinks in the system.

Fluid-structure interaction that more precisely models the energy
exchange between the fluid and structure can be obtained by model-
ing both the fluid and structure with consistent numerical schemes.
Bendiksen'-? accomplished this by solving the Euler equations us-
ing a finite volume method and the structural equations by a finite
element method that used solid elements with bilinear shape func-
tions. The final integral conservation law form of the fluid and struc-
tural equations are similar, and thus, both can be marched forward
in time using the same five-stage Runge—Kutta technique. These
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results showed superior modeling of the energy exchange between
the fluid and the structure.

This research begins to address the need for a three-dimensional
coupled fluid—structure interaction model for turbomachine blade
rows appropriate for all flow regimes with no phase-lagging errors.
Namely, a finite element model able to handle both fluids and solids
has been developed at Lawrence Livermore National Laboratories.
This code, arbitrary Lagrangian—Eulerian/3D (ALE3D), was devel-
oped from the DYNA3D model® with the added capability to handle
general fluid—structure interaction problems, especially those in-
volving plastic deformations. Phenomena can be modeled from the
Lagrangian or Eulerian perspectives, or from any arbitrary reference
frame. This approach is well suited for fluid—structure interaction
problems where the structure is best modeled from the Lagrangian
perspective, whereas the fluid is typically modeled from the Eulerian
point of view. Because the same finite element method is used for
the fluid and the structure, phase-lagging errors are minimized.

Unfortunately ALE3D cannot be directly applied to fluid—
structure interaction problems in the turbomachinery environment.
Modifications are necessary to include appropriate turbomachine
blade and flow mesh algorithms. In particular, periodic boundary
conditions must be added to the sides of the domain so that only
one blade passage needs to be analyzed. The hub and tip of the flow
passage must be modified so that there is no fluid velocity normal
to these curved surfaces. The inflow boundary must be modified
to allow for variable inflow velocity. Appropriate routines to out-
put blade surface pressures at various sections, mass flow rate, and
other mass-averaged properties are also necessary additions to the
code. The resulting turbomachinery aeromechanics code is called
TAM-ALE3D, with its ability to model unsteady turbomachinery
aerodynamics validated.*

This paper is directed at developing and implementing a technique
to predict the aerodynamic damping of multiple vibration modes
from two time-domain flow simulations. This is accomplished by
first impulsing the blading in a vacuum and recording its response.
The blading is then inserted into the design-point flowfield and im-
pulsed again. The aerodynamic damping in individual modes is then
predicted by applying signal-processing tools to the predicted blade
response time histories.

The steel rotor blades of a modern-design transonic compres-
sor rotor are modeled by the finite element analysis, with dynamic
experiments performed with the code. First the blade is simulated
as rotating at 20,000 rpm in a vacuum and the first two vibratory
modes (first bending and first torsion) are quantified by impulsing
the blade in these modes. The rotor blade is then considered in a
flow corresponding to the compressor design point, and the analysis
is performed in three steps. First, the blade is fixed and the flow is
marched to a steady-state condition that matches the design mass
flow rate. Next, the blade is allowed to move and dynamically relax
to a steady-state condition. The influence of centripetal accelera-
tion and air pressure causes the blade’s steady state geometry to be
different from its geometry in a vacuum without rotation. Finally,
the blade is impulsed and the time-history of the response is com-
pared to its time history when the blade is impulsed in a vacuum.
This comparison gives the aerodynamic damping for both the first
bending and first torsion modes.

Mathematical Model

The equations describing a system specify conservation of mass,
momentum, and energy. The position of a finite volume with volume
¥ having a surface S is

S, 1)=0 ey

where x; is the position vector with i representing the three coordi-
nate directions.

Equation (1) specifies that a point P with position x; at time ¢
is on the surface of the volume. The motion of the volume can be
different from that of the continuum and different from zero. Thus,
the volume does not constitute a material volume, but rather a control
volume that moves relative to the fixed reference frame. The motion

of the volume is specified by the velocity U; of the boundary S, that
iS, U,' = 8x,»/8t.

The conservation laws of mass, momentum, and energy for the
volume ¥ of the continuum enclosed by § are

T pdV—l—/p(u, U)n;dS =0 2)
dt ¥ N
= /(n,a,,—qn,) dS+/pb, dv (3)
s ¥

d
—/pEdV+/pE(ui—Ui)"i dS:/(Ui_/Mi,j —qu;;)d¥ (4)
dr J, s ¥

where the scalar variables p and E are the density and specific
internal energy; i and j range from 1 to 3, with repeated indices
summed per the rules of summation notation; u; ; is a convenient
representation of the velocity gradient tensor, with the , j subscript
representing the derivative with respect to the j direction; n; is
the normal surface vector pointing out of the volume; o;; is the
stress tensor; b; is the body force per unit mass; and the g term is a
mathematical device that smears shocks over distances comparable
to the mesh interval in numerical calculations.*>

To solve these equations, an operator split is performed to separate
the problem into simpler parts: a Lagrangian part and an advection
part S%)emﬁcally, the velocity of the mesh is split into two parts:

Dy U(z) In the first part of the operator split, U“) =u;,

Wthh allows the mesh to move with the material accordmg to the
equations of motion. In the second part, the motion of the system
is frozen, but the mesh is moved through the domain by setting
U i(z) =U; —u;. The first step is called the Lagrangian step, whereas
the second step is referred to as the advection step.

The equations of motion for the Lagrangian step are found by
substituting U; = U“’ =u; into the conservation equations,

D d¥ =0 5)
pr ), T
D
Dt /. s ¥
D
- pE d¥ = (oiju; —qu;;) d¥ (@)
Dzt /.. ¥ 1

where D/Dt shows that the finite volume is moving with the material.

In the second step of the operator split, real time is fixed, the
system is frozen and the mesh is moved through the field with the
velocity U =U; —u;. This can be thought of as merely a geo-
metric update of the mesh, so that the right-hand-side source terms
in Egs. (2—4) are set to zero and the flow Veloc1ty u; in the flux term
is zero. However, the u; term appearing in U is still necessary to
account for the motion of the mesh during its relaxation. Because
real time is not progressing during the advection step (where the
material is frozen), a pseudotime T is introduced that advances dur-
ing this second part of the operator split. The advection equations
in pseudotime are then

d
—/pdV—!—fp(u,-—U,-)n,-dS:O (8)
dz J, s
d
dr J,, s ’ ’
d
—prdV-i—/pE(u,——U,—)n,»dS:O (10)
dr J,, s

Space and Time Discretizations

The computational domain is discretized using an unstructured
assembly of hexahedron (six-sided) elements. The fundamental
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unknowns are assigned to staggered locations in the mesh. The stress
tensor, specific internal energy, mass, and shock-smearing factor are
assigned to element centers, with these constant over the element.
The flow and mesh velocities u; and U; are assigned to element
nodes. In the time discretization, the unknowns are also staggered.
The stress tensor, internal energy, and density are evaluated at time
levelsn,n+1,n+2, ..., whereas the flow and mesh velocities are
evaluated at time levelsn — 3, n+3,n+3,....

The equations are discretized by choosing integration volumes as
those of the finite elements. Furthermore, because the velocities are
defined at element nodes, integrating the momentum equations (6)
and (9) requires the use of a dual-mesh element, which is defined
by a hexahedron whose vertices are at the center of the surrounding
elements. Here ¥, ', and n; are the volume, surface, and surface
normal of this dual-mesh element.

Marching Forward in Time

For each time step there is a Lagrange calculation, a relaxation
of the mesh, and an advection calculation, in this order. All three
calculations must be performed for the fluid elements, with only the
Lagrange calculation necessary for the structural elements.

Lagrange Calculation

In the first part of the operator split, Ufl) is set equal to u; and
Eqgs. (5-7) are marched forward in real time.

Equation (5) shows that mass is constant in the volumes ¥ and ¥'.
The mass M’ in the dual-mesh element is one-eighth the sum of the
masses of the surrounding elements. Using the dual-mesh element
to integrate Eq. (6) then yields

(Mar), =D [ (o), = (¢ F) m]as + (m37), (D

e

where the superscript denotes the time level, the subscript 7 denotes
node /, with the subscript e denotes element e. The summation is
over all elements surrounding node /, with eight elements for an
interior node or four, two, or one element for a boundary node,
and AS’ is the fraction of surface area of the dual-mesh element
contained in element e.

For a reference frame rotating at a constant angular velocity w;,
the body force per unit mass includes both Coriolis and centripetal
accelerations,

1
n-z
b! = 2eijwin, * — €ijpw; (z—:klmwlx”m) (12)

Here € is the alternating unit tensor that has the effect of taking
the cross product of two vectors® and x”, is the position vector at
time level n. For example, if the angular velocity is along the 3 axis,
the body force per unit mass is

b'l':(x'l'w+2u;_%)a) b;:(xga)—ZuT_%)a) b5 =0

13)

Application of Eq. (11) gives the nodal accelerations at time level
n. However, the equation must be modified to incorporate the hour-
glass viscous damping.

Hourglass Viscosity

For a hexahedron element, there are eight degrees of freedom in
each coordinate direction, one for each node. A set of basis vectors
for an eight-degree-of-freedom system is given in Table 1. These
can be interpreted as the eight deformation modes of a hexahe-
dron element. Representations of the eight deformation modes cor-
responding to these basis vectors are given in Fig. 1. I'j; denotes the
eight-component vector describing each hourglass mode, where 1
corresponds to the eight nodes of the element and k corresponds to
the four hourglass modes. The rigid-body mode and the hourglass
modes are unique in that they result in no net change in the volume
of the element.

Table 1 Deformation modes of a hexahedron element

Node number /

Deformation mode 1 2 3 4 5 6 7 8
Rigid body X; 1 1 1 1 1 1 1 1
Expansion/contraction A;;  —1 1 1 -1 -1 1 1 -1
Shear 1 Ajp -1 -1 1 1 -1 -1 1 1
Shear 2 A3 1 1 1 1 -1 -1 -1 -1
Hourglass 1 Ty -1 -1 1 1 1 1 -1 -1
Hourglass 2 I'j» -1 1 1 -1 1 -1 =1 1
Hourglass 3 I'j3 1 -1 1 -1 1 -1 1 -1
Hourglass 4 I'j4 1 -1 1 -1 -1 1 -1 1
8 7
5
6
4 3
1 2
Rigid Expansion/ ;
Body Contraction Shear 1 Shear2
Hourglass 1 Hourglass 2 Hourglass 3 Hourglass 4

Fig. 1 Element nodal numbering and hexahedron element deforma-
tion modes.

The strain of the elements is approximated as constant over the
element. Thus, deformations resulting in no net volume change pro-
duce no change in the strain of the element. Because the strain state
is not affected by these deformation modes, the stress state is also not
affected, and the four hourglass modes have no natural mechanism
whereby they are resisted. Small numerical errors could create de-
formations in these hourglass modes, which, left unresisted, would
destroy the solution. Although the rigid-body mode also has no net
volume change, it is resisted by the global boundary conditions.

Such numerically generated hourglass modes are often oscillatory
with smaller periods than that of the physical process.” Thus, a good
way of resisting them is to apply an artificial viscous force in these
deformation modes. First, with use of the velocity, the extent to
which the element is deforming in the hourglass modes is calculated,

hix = u;; Ty (14)

where h;; is the rate at which an element is deforming in hourglass
mode k in the three i coordinate directions.

An hourglass resisting force for each element is then taken to
be proportional to h;; and distributed among the nodes so that it is
applied in the shape of the hourglass mode. This hourglass resisting
force is

¥ = —pv3[0.250"A + 25(0") b JhuTi (15

where there is no summation over i although this subscript is re-
peated on the right-hand side, Q" is the user-specified constant
usually set between 0.05 and 0.15, in nomenclature, and A is the
material speed of sound.

The viscous hourglass force is added to the nodal forces calculated
in Eq. (11). Thus, the acceleration of a node is

(M’al'.’)l = Z [n’j (o}’i)e — (q"’ %)en;]AS’(M'bl'-')I -}—F?}‘g (16)

e
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Update All Nodal Positions and Velocities

After the nodal accelerations are obtained, a centered-difference
formula is used to find the velocity at time level n + % . The centered-
difference formula is again applied to find the new position of the
node at time level n + 1, that is,

1

n+ s n—
2

u; =u;

=

1
+ A" 24’

i

a7

n+%

T =x!+ At'u, (18)

where At" is the time step from time level n to level n+ 1. The
time step from n — 1 to n 4 1 is calculated from this as A"~ !/? =
0.5(At" 4+ A"~ "), and provision for A" # A"~/ is necessary
because the time step is allowed to vary throughout the simulation.

The maximum time step for the simulation is calculated at each
step as that which satisfies the Lagrangian time step restriction and
the advection time step restriction. The Lagrangian restriction says
the time step must be small enough that during the step a distur-
bance propagating at the speed of sound moves no farther than the
minimum of the characteristic lengths of the elements. The charac-
teristic length of an element is taken as the volume of the element
divided by the area of the largest of its six faces. In this study, the
maximum time step is always limited by the Lagrangian time step
because the speed of sound in the metal blade is more than an order
of magnitude larger than that in air. The fluid simulation by itself
does not need to run with such a small time step, but it is necessary
to do so to capture the full fluid—structure interaction effect.

With such a small time step, excessive damping in the fluid from
artificial viscosity is a possible concern. This has been studied for
a case where a disturbance was propagated downstream through
an annulus having axial of Mach 0.54 (Ref. 4). The decay of a
7200-Hz harmonic disturbance was observed for simulations with
a time step close to the Courant—Friedrichs—Lewy (CFL) limit and
a time step 31 times smaller than this. Within a distance of 5 cm,
the approximate length of the domain used in the present study, the
amplitude decayed by 1.7 and 2.0% using the larger and smaller
time steps, respectively. Thus, using a time step much smaller than
the CFL limit does not significantly damp the fluid dynamics.

Updating Elemental Values

The final part of the Lagrange calculation is to update the ele-
mental values. Because it is a Lagrange calculation, the mass of
the element does not change. However, the stress tensor, internal
energy, and shock-smearing factor are changed. The stress tensor is
updated in two steps. First, the rotation of the element is taken into
account by rotating the stress tensor. Second, the elemental strain
rate changes the stress tensor through constitutive relations. The
constitutive relations used for the blade are those for a linear elastic
isotropic solid. The elemental energy is updated by application of
Eq. (7), and the shock-smearing factor is updated according to its
governing equation.*

Mesh Relaxation and Advection

The Lagrange step is now complete, and all fluid and structural
quantities are known at the n + % and n + 1 time levels. However,
the fluid mesh cannot continue moving in a Lagrangian fashion, oth-
erwise the solution will be destroyed as the mesh exits the solution
domain with the fluid. Therefore, before proceeding to the next time
level, it is necessary to relax the fluid mesh to a new position and
calculate new fluid mesh quantities via an advection calculation.*

Boundary Conditions

Fluid-Structure Boundary

The interfaces between materials are termed slide surfaces, with
the structural side called the master slide surface, and the fluid side
the slave slide surface. A great convenience of the TAM-ALE3D
code is that the master and slave nodes do not need to be adjacent.
Interpolation is used to find the mass and acceleration of the region
adjacent to a given slide surface node for proper application of the
boundary condition.

For illustration, consider adjacent fluid and structural nodes. Be-
fore application of the fluid—structure boundary condition, these
nodes are accelerating according to Eq. (16) without regard to each
other’s presence. The fluid—structure boundary condition then mod-
ifies the acceleration of these two nodes by requiring them to move
together as one body normal to the interface. If the mass and acceler-
ation of the slave and master nodes after application of Eq. (16) are
Mve gdlave and Mmaser gmaster then the new acceleration normal
to the slide surface for both nodes is

<Mslavea§lave + Mmastera§lave)
new i i n:
i

= M slave + M master (19)

normal —

where n; is the unit vector normal to the slide surface.

This new acceleration is the acceleration of the combined fluid—
structure boundary node, having mass M*®¢ 4 M™*'" The accel-
eration from Eq. (16) is adjusted to reflect this change in normal
acceleration. The velocity and position of the fluid nodes are calcu-
lated with Egs. (17) and (18) with use of this new acceleration. They
are then adjusted to account for the possibility that the blade surface
is curved. At the new nodal positions, the nodes are required to be
on the blade surface and the velocities are required to be tangent to
the blade surface.

Only one blade passage is analyzed, with the flow variables trans-
ferred directly between the blade-to-blade boundaries. This corre-
sponds to a 0-deg interblade phase angle.

The blade nodes at the hub are fixed with zero acceleration,
whereas the tip blade nodes have no constraint on their motion.
Most fluid nodes at the hub/tip boundaries are required to have zero
velocity and displacement normal to the hub/tip surface. However,
this constraint is not enforced for those fluid nodes on the tip of the
blade surface. This special treatment is necessary because there is
no tip clearance model. The tip of the blade lies exactly on the tip
annulus boundary when the blade is stationary. However, when the
blade is vibrating, the tip of the blade is free to move off the tip
annulus wall. The fluid nodes on the blade tip surface remain on the
blade surface, which results in a nonzero displacement normal to
the tip annulus boundary. Their velocities are required to be tangent
to the tip surface and to the blade.

At the inflow boundary, the flow velocity, density, and energy are
specified, with the static pressure specified at the outflow boundary.
This overspecifies the problem. However, consistency is obtained
by varying the static pressure at the exit until the average density
and internal energy of the elements along the inflow boundary match
the specified density and energy. Note that both inflow and outflow
boundary conditions are reflective.

Results

The aerodynamic damping of the first two vibration modes of
a modern transonic compressor rotor with 18 blades and a design
speed of 20,000 rpm is analyzed with this full fluid—structure in-
teraction simulation. The steel blades have a Young’s modulus of
2.06 Mbars, a Poisson’s ratio of 0.28, and a density of 7830 kg/m3.
The geometry and properties of the steel blades, as well as the prop-
erties of the surrounding fluid flow for one blade passage, are mod-
eled by the finite element analysis. Periodic boundaries are em-
ployed so that only one blade passage needs to be modeled.

The fluid—structure interaction simulation requires the simulta-
neous modeling of both the fluid and the structure using the same
finite element method. Because the speed of sound in steel is over
an order of magnitude larger than that in air, the maximum time
step of the fluid—structure simulation must be over an order of mag-
nitude less than that of a typical fluid-only simulation. This places
a heavy burden on computational resources, and thus, every effort
is made to reduce the size of the three-dimensional finite element
mesh without severely compromising the integrity of the solution.

Figure 2 shows the finite element mesh used for the blade. There
are 532 elements modeling the steel blade. Figure 3 shows a two-
dimensional slice of the tip section of the blade, including the fluid
mesh. The mesh is coarse around the leading and trailing edges
so that the solution can be run in reasonable time. The full three-
dimensional fluid mesh has 7986 hexahedron elements. With this
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Fig. 3 Finite element mesh for the fluid and steel blade at blade tip.

coarse mesh, the three-dimensional steady flow Euler solution is
obtained in 8 h of computer time on an IBM RS/6000. For the simu-
lation of fluid—structure interaction, which includes the modeling of
the steel blade, approximately one day of computer time is required
to model one oscillation in the first bending mode.

Impulses

The behaviors of the first bending and first torsion modes are
determined by impulsing the blade such that it oscillates predomi-
nately in these modes. The natural frequencies and decay rates are
then extracted from the time history of the blade response.

The impulse is a force distributed over the nodes embedded
halfway through the blade thickness. This force is applied for 100 ps
and has a shape that approximates either the first bending mode or
the first torsion mode. For both the bending and the torsion impulse,
the maximum force amplitude f =5 N, which results in noticeable
blade tip displacement, but does not plastically deform the blade.

The first bending mode impulse, applied normal to the tip chord,
has the shape

SI1 = cos(ym/2)] (20)

where y is the spanwise coordinate, O at the blade hub and 1 at the
blade tip.

The first torsion mode impulse is applied normal to the tip chord
and has the shape

S = cos(ym/2))é @n

where & is the chordwise coordinate, —1 at the leading edge and +1
at the trailing edge.

Filtering to Extract Individual Modal Responses

The displacement time histories of a point on the blade tip leading
edge are shown in Figs. 4 and 5 for the bending impulse and the
torsion impulse at O rpm and 20,000 rpm in a vacuum. The effect of
rotation is taken into account by including centripetal and Coriolis
acceleration terms in the body force term b; for rotation about the
3 axis. The nonsymmetric nature of the response for the torsion
impulse is due to the first bending mode that is still present in the
response. The response due to only the torsion mode is obtained by
filtering the signal, accomplished by transforming the tip leading-
edge displacement to the frequency domain via a Fourier transform.

Figure 6 shows the frequency-domain response of the blade ro-
tating in a vacuum at 20,000 rpm and receiving a torsion impulse.
The bending mode is apparent at 1310 Hz. The cutoff for filtering is
chosen as that frequency having the lowest power spectral density
between the two frequency peaks. The individual modal responses
are then transformed back to the time domain via an inverse Fourier
transform.
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0,01 F

0.02f

003

0 2 4 6 8
Time (milliseconds)

Displacement of Leading Edge (cm)

Fig. 4 Blade tip responses in a vacuum for bending impulse: —,
0 rpm and —-—, 20,000 rpm.
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Fig. 5 Blade tip responses in a vacuum for torsion impulse: ——, 0 rpm

and ———, 20,000 rpm.
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Fig. 6 Frequency response to torsion only impulse of rotating blade in
vacuum.
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Table 2 Predicted blade natural frequencies

First bending First torsion
Frequency, Standard Frequency, Standard
RPM Hz deviation, Hz Hz deviation, Hz
0 1110 10 2590 30
10,000 1160 31 2610 35
20,000 1310 13 2670 21

Table 3 Predicted steady-state blade tip displacements

Displacement normal
to chord, cm

Position In vacuum In flow?
Leading edge 0.0059 0.0104
Midchord 0.0036 0.0080
Trailing edge 0.0008 0.0040
2At 20,000 rpm.

Natural Frequencies

Simulations are performed for the blade in a vacuum rotating
at three different rotational speeds: 0, 10,000 and 20,000 rpm. For
nonzero revolutions per minute, the blade is first dynamically re-
laxed to a steady state before it is impulsed. The relaxation is nec-
essary to remove the transients caused by impulsively starting the
blade rotation.

The resulting time histories of the blade tip leading-edge displace-
ment normal to the chord are filtered using the filtering technique
already presented to isolate the individual modal responses. The
peaks and troughs of the filtered signals are then extracted, with
the inverse of the average time between them giving the natural
frequency of the mode.

For the bending mode, peaks and troughs are sampled from 2 to
8 ms. For the torsion mode, they are sampled from 1 to 4 ms. This
sampling assures that at least 15 data points are used to compute
the average natural frequency. The dependence of natural frequency
on rotation rate is summarized in Table 2, along with the standard
deviation of the results. To assure that mesh resolution is not an issue,
TAM-ALE3D predictions were obtained with double the number of
elements in the chordwise and spanwise directions. The resulting
natural frequencies had negligible change.

Steady Flow Solution

The aerodynamic input parameters correspond to the rotor design
operating point, where the rotor speed is 20,000 rpm and the mass
flowrate is 5.216 kg/s. The distribution of relative flow velocity at the
inflow boundary is also specified by design. The inflow stagnation
properties in the nonrotating frame are set to standard temperature
and pressure. The exit static pressure is set to give the proper mass
flow rate.

With an exit static pressure of 1.227 x 10° Pa, the resulting mass
flow rate at the inflow and outflow boundaries are 5.234 kg/s and
5.225 kg/s. The mass-averaged total pressure in the absolute frame
at the inflow boundary is 1.020 x 10° Pa, which is less than 1% dif-
ferent from the standard pressure of 1.013 x 10° Pa. This indicates
that the exit static pressure value is consistent with the specified
inflow properties. The resulting mass-averaged total pressure at the
outflow boundary is 1.354 x 10° Pa, yielding a total pressure ratio
across the rotor of 1.33, which is the design value.

As the steady flow is established, the blade is held fixed in its
initial position. The blade is then released and allowed to relax to
a steady-state position under the influence of the external air pres-
sure and the 20,000-rpm centripetal forces. The blade is numerically
stopped at several instants to help the blade relax more quickly. The
displacement of the tip of the blade normal to the chord in its steady-
state position is shown in Table 3. Also shown are the analogous
results for the blade in a vacuum, which includes centripetal accel-
eration effects only. Positive displacements are toward the suction
side of the blade, so that the results show that both the air pressure
and the centripetal acceleration cause the blade to bend more toward

its suction side. The displacement of the blade from its initial po-
sition is so small that there is no noticeable change in the steady
aerodynamics as the blade relaxes to its new steady-state position.

Aerodynamic Damping

There is both aerodynamic and nonaerodynamic damping present
as the blade vibrates in the flowfield. The nonaerodynamic damping
is due to the hourglass viscosity necessary to resist the unwanted
hourglass modes. This damping is present even if the blade is vi-
brating in a vacuum. In this sense, the hourglass damping is similar
to mechanical damping present in real blades due to the blade—disk
interface and the internal energy dissipation sources. However, the
hourglass damping is not intended to model real damping sources.

The aerodynamic and nonaerodynamic damping of each mode is
evaluated in terms of the nondimensional decay constants ¢, and ¢, .
If f(¢) is the undamped response, then the damped response in a vac-
uum is exp(—tw,¢,) f (), where w, is the mode natural frequency.
The damped response in the flow includes damping from both the
hourglass viscosity and the aerodynamics. Thus, the response in
flow is exp[—tw, (¢, + &)1 f (¢). The total nondimensional damp-
ing parameter measured from the response of the blade in flow is
Lot = & + &y Because both ¢, and ¢, are measured quantities, the
damping due to just the aerodynamics is

Eu = Clol - CU (22)

The response envelope for the blade in a vacuum is A
exp(—tw,¢,), and that for the blade in flow is A exp(—tw,ior)-
Because the duration of the impulse is very short (100 us), the ini-
tial response amplitude is fixed regardless of whether the blade is
impulsed in a vacuum or a flow. Therefore, the amplitude A used in
the curve fit is first approximated by performing the curve fit with
both A and ¢ as parameters. The average A from the in-vacuum and
inflow cases is then used as a fixed value in the second pass of the
curve fit, which has only ¢ as a parameter. This second-pass value
of ¢ is what is presented.

The amount of damping is also expressed in terms of a time decay
constant 7, where the damping envelope follows Ae~"/*. The t value
is calculated in the curve fit and is shown in the results. This value
isrelated to ¢ via ¢ =1/(w, 7).

Bending-Only Impulse

The aerodynamic damping is calculated for the first bending
mode. After the blade reaches its steady-state position at 20,000 rpm,
it is hit with the bending mode impulse, Eq. (20). The resulting dis-
placement of the tip leading edge normal to the tip chord is shown
in Fig. 7 for both the in-vacuum and the inflow cases. The computer
time required for the in-vacuum case is approximately 4h/0.01 s
of simulation, whereas for the inflow case it is 400 h/0.01 s of
simulation.

The peaks and troughs of the curves within the interval 0.001 to
0.01 s are extracted, and a curve fit is passed through them (Fig. 7).
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Fig. 7 Tip leading-edge displacement for bending-only impulse.
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Fig. 8 Tip leading-edge displacement for torsion-only impulse before
filtering.
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Fig. 9 Tip leading-edge displacement for torsion-only impulse after
filtering.

Note that this interval gives over 20 data points for the curve fit. The
amplitude A for the Ae™*®¢ curve fit is fixed at 0.0354 cm, and w,
is based on the bending mode frequency f = 1310 Hz. The least-
squares fit gives an in-vacuum damping constant of ¢, =0.00207
and an inflow damping constant ¢, =0.00337. When Eq. (22)
is used, the aerodynamic damping for the first bending mode is
£, =0.00130.

Torsion-Only Impulse

At time ¢t =0, the blade is hit with the torsion mode impulse,
Eq. (21). The resulting displacement of the tip leading edge normal
to the tip chord is shown in Fig. 8 for both the in vacuum and the
inflow cases. This signal is filtered as described earlier to extract
only the torsion mode response, with this filtered signal shown in
Fig. 9. The peaks and troughs of the curve within the interval 0.0005—
0.006 s are extracted, and a curve fit is passed through them. Note
that this interval gives over 20 data points for the curve fit. The
amplitude A for the Ae~'n¢ curve fit is fixed at 0.0161 cm, and
w, s based on the torsion mode frequency f =?2670 Hz. The least-
squares fit gives an in-vacuum damping constant of ¢, = 0.0210 and
an inflow damping constant of £, = 0.0253. When Eq. (22) is used
the aerodynamic damping for the first torsion mode is ¢, = 0.0043.
Thus, the aerodynamic damping for the first torsion mode is larger
than the aerodynamic damping for the first bending mode.

Combined Bending and Torsion Impulse

The maximum blade displacement due to the bending and torsion
impulses is small enough (tip displacements less than 1% chord)
that nonlinear aerodynamic effects are negligible. Thus, the torsion
and bending impulses can be applied simultaneously to determine

the aerodynamic damping constants for both modes with just one
simulation.

At time ¢ =0, the blade is hit simultaneously with the bending
and torsion impulses for 100 us. The resulting blade tip displace-
ment normal to the chord is shown in Fig. 10 for both the in-vacuum
and inflow cases. These curves are filtered, and the bending and tor-
sion modal responses are separated (Fig. 11). The damping results
from the curve fits are summarized in Table 4. The final aerody-
namic damping constants for each mode are shown in the second
lastrow, with the values found from the separate torsion and bending

Table 4 Damping constants for bending/torsion
impulse with hourglass damping effect

Parameter Bending mode  Torsion mode
Nominal Hourglass Damping

A (in Ae='*%), cm 0.0383 0.0129
Sampling interval, s 0.001-0.01 0.0005-0.006
I 0.00195 0.0214
Crot 0.00321 0.0259

¢4 (combined impulse) 0.00126 0.0045

¢4 (separate impulses) (0.00130) (0.0043)

Low Hourglass Damping

A (in Ae~'*n%), cm 0.0384 0.0132
Sampling interval, s 0.001-0.01 0.0005-0.006
&y 0.00101 0.0117
Crot 0.00226 0.0159

Ca 0.00125 0.0042
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Fig. 10 Tip leading-edge displacement for bending/torsion impulse
before filtering.
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Fig. 11 Tip leading-edge displacement for bending/torsion impulse
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Fig. 13 Tipleading-edge displacement for low hourglass damping with
bending/torsion impulse after filtering.

impulses in parentheses in the last row. The combined tor-
sion/bending impulse produces bending and torsion damping con-
stants approximately 3% lower and 5% larger, respectively, than the
bending-only and torsion-only impulse results. These differences
could be due to the inherent inaccuracies associated with curve-
fitting discrete data points.

Reduced Hourglass Damping Case

As a self-consistency check on the results, the combined bend-
ing and torsion impulse case is repeated, except now the hourglass-
damping coefficient [ Q"¢ in Eq. (15)] for the blade material is halved,
being reduced from 0.10 to 0.05. This results in less overall damping
for the blade, but should not change the aerodynamic damping.

The blade is again hit simultaneously with the bending and torsion
impulse for 100 ps. The resulting blade tip displacement normal to
the chord is shown in Fig. 12 for both the in-vacuum and inflow
cases. These curves are filtered, and the bending and torsion modal
responses are separated.

Figure 13 shows that the filtered torsion mode response is clearly
less damped than the preceding case due to the decreased hourglass
damping. The damping results from curve fits are summarized in
Table 4. The final aerodynamic damping constants for each mode
are shown in the last row. The low hourglass damping produces an

aerodynamic damping constant for the bending and torsion modes
approximately 1 and 7% smaller than the high hourglass damping
results. Again, part of the difference is due to using a curve fit to
describe a set of discrete data points. However, overall the results
indicate that using the impulse technique is valid for extracting aero-
dynamic damping.

Summary

A novel approach has been developed to predict the aerodynamic
damping of multiple vibration modes from two time-domain flow
simulations, one with the blading in a vacuum and one with the blad-
ing in flow. This is accomplished by implementing a coupled inter-
acting fluid—structure analysis that enables the same finite element
method to model both the fluid and the structure. Thus, the exchange
of energy and momentum across the fluid—structure boundary is not
prone to phase-lagging errors that tend to act as energy sources or
sinks at the fluid—structure boundary. This approach is then demon-
strated by predicting the aerodynamic damping of a modern tran-
sonic compressor rotor.

The blading is first impulsed in its first bending and first torsion
modes in a vacuum. It is then immersed in the design-point flow-
field and impulsed in its first bending and first torsion modes again.
Signal-processing tools applied to the predicted blade response time
history extract the difference in the decay rate of both modes.

The results show that, for this rotor, the aerodynamic damping
for the first bending mode is less than the aerodynamic damping for
the first torsion mode. The feasibility of extracting the aerodynamic
damping for several modes during one simulation was demonstrated
by first running the simulations separately and then simultaneously.
The resulting aerodynamic damping constants for the modes are
very similar. A self-consistency check was performed by simulating
the same case with different hourglass viscosity coefficients. The
aerodynamic damping was not changed significantly by this change
in hourglass viscosity, as expected.

The approach developed herein of modeling fluid—structure in-
teractions in turbomachinery is consistent because the blade and
fluid are modeled with the same numerical scheme. As computers
become larger and faster, it is likely that this consistent approach
will become the method of choice.
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