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ABSTRACT
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ures. In order to predict these instabilities, the presence of strong

The present study demonstrates the capabilities of a shocks in the flow needs to be accounted for, especially for tran-
fluid/structure coupled computational approach which con- sonic flows. It is, therefore, necessary to use the Euler equa-
sists of an unsteady three-dimensional Navier-Stokes flow tions or the Reynolds-averaged Navier-Stokes (RANS) equations
solver, TFLO, and a finite element structural analysis package, to represent the unsteady flow fields. Unsteady aerodynamics
MSC/NASTRANThe parallelized flow solver relies on a multi-  around oscillating cascades has been studied using these nonlin-
block cell-centered finite volume discretization and the dual time ear equations by many researchers. For these approaches, time-
stepping time integration scheme with multigrid for convergence marching methods (Gerolymos, 1993; He, 1994; Bakhle, 1997;
acceleration. High accuracy is pursued with respect to load trans- Ji, 1999) or time-linearized methods (Hall, 1993; Ning, 1998)
fer, deformation tracking and synchronization between the two are used to calculate aerodynamic work per cycle over a period
disciplines. As a result, the program successfully predicts the of oscilaation prescribing frequencies and mode shapes.
aeroelastic responses of a high performanceN&§A Rotor 67,

. - On the other hand, the coupling of a structural model and
over a range of operational conditions. The results show that

a fully nonlinear aerodynamic model requires a time-marching
Pnethod and determines the frequency of the problem rather than
specifying it as an input parameter. The most noticeable work
on the coupled computations is done by Vahdati, Imregun and
their colleagues (Vahdati, 1995; Chew, 1998). In their work,
a mode superposition of the structure is incorpolated into a fi-
nite element RANS solver. However, since the methodologies
of each individual discipline have matured independently, each
methodology has usually evolved to use a different type of grid
The unstable, self-excited or forced vibrations of rotor generation, a different discretization method and a different time

blades must be avoided in the design of high performance turbo- integration scheme so that high accuracy and efficiency individu-

machinery components because they may induce structural fail- ally can be achieved. In order to take advantage of the maturity of
both, a reasonable alternative would be to construct an interface

procedure between a flow solver and a structural solver for direct
integrations of structural equations, in which the two solvers ex-
change the interface information given by updating the fluid and

or excite the blade motion mainly depending on the inter-blade
phase angle. It is concluded that the level of sophistication in
the individually sophisticated disciplines together with an accu-
rate coupling interface will allow for accurate prediction of flutter
boundaries of turbomachinery components.

INTRODUCTION



structural ariablesalternatively.

The present study explores this possibility by integrating
an unsteady RANS flow solver and a finite element structural
solver for aeroelastic problems in turbomachinery, using ad-
vanced fluid/structure coupling techniques. The flow solver used
here is an unsteady three-dimensional RANS solver called TFLO
(Yao, 2000; Yao, 2001), originally developed to simulate un-
steady flows due to blade row interactions in turbomachinery.
The structural solver used here is one of the industrial standards,
MSC/NASTRAN. Furthermore, the interface procedure is based
on the approach proposed by Brown (Brown, 1997). Using this
coupling approach, the aeroelastic responses of a compressor ro
tor are predicted, and the influence of the flow fields on the sta-
bilities is observed.

DESCRIPTION OF THE METHOD

In order to predict the dynamic response of a flexible struc-
ture in a fluid flow, the equations of motion of the structure and
the fluid equations must be interacted. One difficulty in handling
the fluid/structure coupling numerically comes from the fact that
the structural equations are usually formulated with material (La-
grangian) coordinates while the fluid equations are typically writ-
ten using spatial (Eulerian) coordinates. In such an approach
the procedure is advanced in time by solving the flow field and
the structural deformation alternatively by independent flow and
structural solvers which exchange information on the structural
body surface as illustrated in Figure 1. The flow solver provides
the aerodynamic loads to the structural solver in order for the
structural solver to calculate the displacement field of the struc-
ture. In return, the structural solver provides the surface deflec-
tions to the flow solver which changes the flow fields through the
boundary conditions on the structural body surface.

Flow Solver: TFLO

TFLO is an unsteady, three-dimensional, turbomachinery
flow solver in which the unsteady RANS equations are solved us-
ing a cell-centered discretization on multiblock meshes. The so-
lution procedure is based on explicit Runge-Kutta methods with

several convergence acceleration techniques such as multigrid,

residual smoothing and local time-stepping. A parallelization
strategy is adapted to TFLO based on the multiblock decomposi-
tion (Reuther, 1997) using thdessage Passage Interfa@dPl)
standard (www-unix.mcs.anl.gov/mpi/index.html). For turbu-
lence models, thk-w model (Yao, 2000) is found to be the most
suitable choice among the implemented models for complicated
viscous transonic flows in turbomachnery with timely changing
grids in this particular study.

For an aeroelastic analysis in a time-marching fashion, it is
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Figure 1. FLUID/STRUCTURE COUPLING

the aeroelastically deforming body under consideration. In the
present study, a high quality mesh of the whole computational
domain is divided into an appropriate multiblock system for par-
allelization purposes. Because the flow solver assumes a point-
to-point match between adjacent blocks in the mesh, each block
may be independently perturbed, provided that modified surfaces
are treated continuously across block boundaries. For edge, face
and block perturbation in these procedures, the arc-length atten-
uation algorithm (Reuther, 1996) is used.

Fluid-Structure Interface

While the flow solver employs relatively finer multiblock
structured meshes, the structural solver employs triangular el-
ements. This mismatch of mesh points on the interface gives
rise to the necessity of a numerical approximation to transfer the
pressure distribution on the fluid surface mesh to a correspond-
ing nodal load distribution on the structure and also for the trans-
fer of the displacements of the structural nodes to corresponding
perturbations of the fluid mesh.

In addition, the fluid system usually requires a finer temporal
resolution than the structural vibration for most aeroelastic prob-
lems. In computations, while the flow solver employs the Runge-
Kutta time integration which has a stability limit, the structural
solver uses the Newmark time integration (Sitton, 1997) which
is unconditionally stable. This difference in the stability limits
need to be taken care of by a synchronization approach between
the two solvers alternatively advancing in time.

Conservation of Loads and Energy Oneof the prin-

necessary to deform the fluid mesh at each physical time step ciples that is needed to support the maintenance of coupling ac-
so that it continuously conforms to the instantaneous shape of curacy is the conservation of loads and energy. In general while
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the fluid systemaddresses the pressure field on the cell surfaces
on the interface, the structural system is solved based on a set of
concentrated forces at the nodes on the interface. A distributed
pressure load, therefore, must be first transfered into equivalent
nodal forces. Such a transformation must satisfy two require-
ments. One is that the nodal forces must yield the same net forces
as the original distributed pressure loads do. Thus,

Fluid Mesh Point,

@)

Finite Element

3 = / pds,
£ 30

DEFORMATION TRACKING SYSTEM

Figure 2.
wheref(™ s the nodal force vector at the nodtgn the structure,
and p is the pressure distribution on the surfaxe whose pro-
jected area vector iS. The second requirement states the main- unknown, all of the finite elements were assumed to use the sim-
tenance of a proper energy balance. Equating the virtual work ple standard iso-parametric interpolation function based on the

performed byf(™ working on a virtual nodal displacemedy(™
and that byp moving through the equivalent distributed virtual
displacemendy, the second requirement is given as follows,

3 fMaq™ = / &S,
0Q

m

)

In this study, the approach by Brown (Brown, 1997) is cho-

area coordinate as the weighting (Reuther, 1999). Wkes
associated witlkx on them-th element whose displacements are

denoted asg™), this interpolation functiom ™ andngm) can be
expressed as,

u(x)

(™60 -a™, ue(x) = [n§"9] -a™. @)

The displacements at any point on the fluid mesh surface can thus

sen to ensure that the transfer of the pressure fields to the nodalbe written as,

forces is both consistent and conservative. Brown’s approach can
also be used in the extrapolation of the nodal displacement in the
structural system to the mesh deformation on the surface of the

fluid system as explained in the following section.

Deformation Tracking System Consider one of a set
of finite elements describing a structural model and a fluid mesh
point on the blade surface shown in Figure 2. keatenote the
closest point on the closest element from a fluid mesh péint

it can be assumed that the vector connecting both points remain

perpendicular to the element after deformation. Then, the dis-
placementq(X) and rotationgi(X) at X can be expressed as
follows,

H(X) = u(x) — (X =x) x ug(X), He(X)=ug(X), (3)

whereu(x) andug(x) are the displacement and rotatiorxatin

finite element analysis, the displacement at any point within the
domain of an element in the model can be determined by the
assumed interpolation functions in terms of the nodal displace-

ments on the element. However, since MSC/NASTRAN is used
as a structural solver and the interpolation function used in it is

3

H(X)

™00 -a™ =X =x]- [ng"x0)| -a™. (5)

where, the matri{X — x] is in cross product form. Introduc-

ing the displacement extrapolation functiadéX) based on the
global nodal displacemenggof the structural model, Equation 5
can be rewritten using because™ is a part ofg.

Load Transfer System  For a load transfer algorithm,
it is required to satisfy the conservation of load and energy ex-
pressed in Equations 1 and 2, respectively. In EquatidpX)
can be related withq introducing a set of assumed displacement
interpolation functiondN(X) given in Equation 6. Substituting
Equation 6 into Equation 2 yields,

£.5q = zf<m>5q<m> = [ p-[N(X)]8qdS, (7)
= 0Q



wheref is theglobalnodal force vector for the structural model.
Consider the complementary projected surface area vé&tor
around the fluid mesh poiX;, S is surrounded by the corner Fluid Mesh v
points which are given by simply averaging the corner pointsof 7~ =2 3
four fluid mesh faces arouns; as shown in Figure 3. Thus the
right hand side of the Equation 7 can be discretized as follows,

f-80 = (Zﬁ) -8 =7 pSi-[N(Xi)] 8a, (8)

wheref; is the nodal force vector given by the contribution of the FEM Elements
pressure aX;, which components are shown in Figure 87

is now obtained by simply summing the §liwhose fluid mesh
point is associated with tha-th element. Equation 8 allows the
fluid pressure within each face to be taken out of the summation,

Figure 3. LOAD TRANSFER SYSTEM

fi={PS}INXi)J, €)
steady flow field. This should be followed by a simple and pop-
ular staggered procedure as described below.

(1) Transfer the motion of the boundary of the structure to
the fluid system using the Deformation Tracking System and up-
date the fluid mesh accordingly. At this time, the updated cell
volumes, projected areas and surface normals are calculated.

(2) Advance the fluid system using the dual time stepping
scheme to a steady-state and obtain new pressure fields using the
zf(m) =>fi=> {pSINX)] = piS :/ pdS. (10) solutions at the previous time levels stored in memory for the
m : : : o0 third order accurate backward time discretization.

(3) Convert the new pressure fields into a set of nodal forces
Thus the algorithm satisfies the conservation of loads and for the structural model using the Load Transfer System_

SinceN(X;) consists of the area coordinate system normal-
ized by the entire area of the element associated with the point
it is obvious that the norm of the function is equal to one. There-
fore, the conservation of loads is validated by collecfing

energy. (4) Advance the structural system using the Newmark
scheme under the given set of nodal forces.
Synchronization  If a same time step in both fluid and The procedure repeats from step (1) through (4) until the

structure system is used to solve the aeroelastic equations, thedesired time-marching solutions are obtained.

time step must be governed only by the critical time step of the

explicit fluid solver. It is also noted that since the fluid system

must be advanced in the physical time scale, the fast convergenceRESULTS

methods such as the local time stepping, or multigrid can not be The goal of this study is to predict the aeroelastic response of

available. Thus, using the same time step is not efficient in ad- a compressor, to examine the influence of the inter-blade phase

vancing the aeroelastic system. This difference in allowable time angle and to observe how the flow field affects the instability

step size is, however, overcome by the dual time stepping schemeof the blade vibrations. NASA Rotor 67 has been recognized

(Jameson:1991) in which the fluid system is updated implicitly as a popular test case for three-dimensional viscous flow predic-

in physical time, and the pseudo time step is introduced to inte- tion procedures (Chima, 1991; Jennions, 1993; Arnone, 1994)

grate the fluid equations within the physical time period. In this because of its detailed experimental data using a laser anemome-

way, a same large physical time step is used for both solvers.  ter (Strazisar, 1989). Although the structural properties for this
In aeroelastic calculations, a steady flow is first computed configuration are not available, Rotor 67 has been also used to

around a structure in equilibrium or in a given stationary con- validate aeroelastic applications by a few researchers (Chuang,

dition with a set of initial displacements. Next the structure is 1998; He, 1994; Vahdati, 1995). Thus, Rotor 67 was chosen

allowed to respond to the aerodynamic forces determined by the for the current investigation to demonstrate the capability of the
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previouslydescribechonlinear aeroelastic prediction procedure.
NASA Rotor 67 consists of 22 blades. The blade aspect ratio
is 1.56. At the design point, the rotational speed of the rotor is
16,043 RPM, with a tip inlet relative Mach number of 1.38, a
total pressure ratio of 1.63 and a mass flow of 33.25 Kg/s.

The grid used for the present study is shown in Figure 4 with
the blade-to-blade view. The grid for the single passage consists
of 137 mesh points in the stream-wise direction, 65 points in .
the blade-to-blade direction, and 81 points in the span-wise di- ' ',,”'r'r’”
rection. In the stream-wise direction, the grid extends one axial L
chord upstream and downstream from the blade row at the hub, '
and has 33, 73 and 33 axial points along the upstream periodic
boundary, in the blade passage and along the downstream peri-
odic boundary, respectively. A total of 17 points are used in the
span-wise direction to describe the tip-clearance.

A NASTRAN finite element model for the blade consists of
11 x11 nodes forming 200 varying-thickness three-node triangu-
lar linear shell elements, TRIA3. The thickness is distributed to
match the actual thickness of the blade. For a boundary con- prediction of shock and viscous flow losses and flow deviation.
dition, both translational and rotational displacements are not However, the steady-state solution including the structural de-
allowed at the root of the blade. The direct transient response formation mentioned in the next section results in a higher mass
solution sequences, SOL129, (Herting, 1997) are used to solveflow and higher pressure ratio. Although the structural model
the structural response of the blade with time-dependent non- is not based on the real structure of Rotor 67, this suggests that
linear aerodynamic loads with initial conditions provided by the the underestimated pressure ratio and mass flow may be caused
displacements and velocities of the last transient solution se- by the structural deformation not included in the present calcula-
guence. In modeling NASA Rotor 67, an imaginary material tions.
whose Young's modules, Poisson’s ratio, and density are chosen Because of the availability of the measured data, detailed
to be 1.422e+11 Pa, 0.3 and 4539.5 kg/raspectively, suchthat  comparisons between the calculations and the experiment are
the first natural frequency becomes around 400 Hz. made at the near peak efficiency point. In Figure 6, relative Mach

For the design rotation speed of the Rotor 67, the reduced number contours at three different span wise locations, i.e. 10,
frequency based on the tip section becomes 0.27 according to30, and 70 percent span measured from the casing, are shown for
the first mode frequency calculated with the structural model the near peak efficiency condition. At 10 percent of span, a bow
by MSC/NASTRAN. Finally, for multi-passage simulations, the shock at the leading edge and a normal in-passage shock near the
cascade is assumed to be well tuned, which means that all thetrailing edge on the suction surface can be observed. At 30 per-
blades have an identical structural property. cent of span, a lower Mach number moves the in-passage shock

slightly forward but the shock structure is qualitatively similar.
At 70 percent of span, the inlet relative Mach number is subsonic

Steady Flow Calculations and a supersonic bubble appear near the leading edge on the suc-
Prior to performing the aeroelastic unsteady calculations, tion surface.

validation of the steady flow solution needs to be performed such

that the proper initial conditions for unsteady calculations can

be provided. Steady flow computations are performed with the Aeroelastic Calculations

measured total pressure, total temperature and absolute flow an- ~ Next, the time dependent aeroelastic results are considered.

gle profiles specified at the inlet and the measured static pressureThe behavior of the blade oscillation can be determined by com-

profile specified at the exit. puting the aeroelastic response to a set of forced initial displace-
To show the ability of the flow solver to capture the cor- ments. As previously shown, the steady-state solutions can be

rect performance, the numerically calculated performance map obtained for the rigid unloaded blade geometry. Prior to the

of the rotor is shown in Figure 5 along with the experimentally aeroelastic response calculations, the blade is allowed to move

measured values. As shown in Figure 5, the overall predicted and dynamically relax to a steady-state loaded condition. Then,

performance of the compressor is in good agreement with the the blade is deformed an additional amount predominantly corre-

experiment except for the obvious underpredicted absolute to- sponding to the first mode. Once the new steady solution for the

tal pressure ratio. This underprediction is likely due to an over- blade with the initial deformations obtained, the blade is released
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Figure 4. Blade-to-Blade View of Computational Grid for NASA Rotor 67
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Figure 6. Experimental and Numerical Relative Mach Number Contour
for Near Peak Efficiency

and allowed to move according to the aeroelastic interaction.

A constant inter-blade phase angtdés determined by the
initial displacement and velocity of the displacement for multi-  displacements. Figure 7 shows the variation of the circumferen-
passage computations. In addition, the inter-blade phase angletial direction displacements of the blade with time for 0 and
is forced by the periodic boundary condition. For example, con- 180 degrees at the near peak efficiency point. The displacements
sider the case foo=180 degree. The computation needs to be are defined as the deflections from the original rigid shape of the
performed with two passages where one blade is given an ini- structure. The response for= 0 degree shows almost a typi-
tial displacement and zero initial velocity of the displacement cal response with constant amplitude of oscillation. On the other
and the other is given the initial displacement in the opposite di- hand, the response for= 180 degree shows decreasing ampli-
rection with the same amplitude and zero initial velocity of the tude with each oscillation cycle, indicating a decay in the oscil-
displacement as well. In this study, casesde0 (one passage) lation and flutter free condition. Thus the aerodynamic damping
ando=180 (two passages) degrees are examined in order to savefor g = 180 degree is much greater than thatdar 0 degree.

computational costs. To examine how the unsteady pressure has influence on the
Five cycles of oscillation, which is about 0.02 seconds, were stability of the blade motion, the work per cycle is a parameter of-
found to be sufficient to distinguish whether the oscillation de- ten used to represent the contributions of unsteady pressure fields
cays or grows. A total of 36 time steps per vibration period of to the stability. The work per cycle is the work done by the fluid
the first oscillation mode was chosen to ensure the accuracy of on a given blade over one cycle of its motion. Negative work
the coupled system with the dual time stepping scheme and theimplies positive damping with which aerodynamic forces act in
Newmark scheme (Alonso, 1997). Between 40 to 60 W-cycle the opposite direction of the velocity of displacements. Figure
multigrid cycles per unit physical time step were necessary to 8 shows the calculated distribution of the aerodynamic work per
provide a reasonable time-accurate pressure distribution to thecycle over the last oscillation cycle along with the distribution
structure. of the mean value of the unsteady pressure on the suction and
The flutter stability is assessed from the time history of the pressure side, respectively. The results are presentes £00
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Figure 7. DEFLECTION AT MID-CHORD OF THE TIP SECTION FOR

NEAR PEAK EFFICIENCY, 0 = 0,180deg
(a) Mean Pressure - Suction Side (b) Work per Cycle — Suction Side

degrees. As shown, significant work per cycle magnitudes exist In-passage shock 1 scoros
in the region where the shocks sit on the blade. On the suction \\;

side, the shock appears along the entire span as a continuous line \

However, a negative peak in the work per cycle distribution ap- \ In—passage shock
pears only at the location where the lower part of the shock sits on \ f;g”sigcif::g;“

the suction side. Between the casing and 40 percent of the span, \

the passage shock is very strong and indicates that an adverse \
pressure gradient follows that may cause shock induced separa- | \
tion. On the other hand, below 40 percent of span, the shock is '

formed inside the supersonic bubble and does not reach the pres: /
sure side of the adjacent blade as seen in the Mach contour at
the 70 percent span in Figure 6. Therefore, only the lower shock
oscillation works to dampens the blade motion. On the pressure
side, there is a positive peak near the location of the in-passagerigure 8. MEAN PRESSURE AND WORK PER CYCLE DISTRIBUTION
shock. Notice that the regions of exciting and damping forces ON THE BLADE SURFACES FOR NEAR PEAK EFFICIENCY, 0 = 0deg
on both sides are quite close. That means that the exciting and
damping forces generated by the shock oscillations cancel each
other resulting in an almost constant amplitude motion.

Figure 9 shows the mean pressure and work per cycle dis-
tributions foro = 180 degrees. For this case, the two kinds of
shocks on the suction side mentioned above do not form a con-
tinuous line. The forces generated by the in-passage shock on
the suction side works to dampen the oscillation, while the peaks

along thg oblique S.hOCk and th? lower part of the shock disap- sults presented for Rotor 67 revealed that the main contribution
pear. Is is also obvious that the in-passage shock on the pressure . . i
0 the stability of a transonic fan is the unsteady forces gener-

side produces the large damping forces toward the leading ecjgle'ated by the shock motions. In determining these shock motions,

Thus the physical mechanism for the decaying response-of inter-blade phase anales play the most important role
180 case is clearly explained. A similar argument about the trend P gies play P '

M -1.860E-05

(c) Mean Pressure — Pressure Side (d) Work per Cycle — Pressure Side

by applying it to investigate the aeroelastic response character-
istics of a transonic fan rotor, NASA Rotor 67. The aeroelas-
tic solver successfully produces different time history of blade
displacements for turbomachinery depending on conditions. Re-

with inter-blade phase angle is reported by Chuang (Chuang, One of the biggest concern for these fluid/structure compu-
1998) for the same configuration though the reduced frequency tations is that the coupled procedure is still computationally ex-
is different. pensive. Advanced engines, however, will likely require aeroe-

lastic analysis for multiple blade rows, or a whole wheel sys-
tem to admit all possible frequencies and inter-blade phase an-
CONCLUSIONS gles. Fluid/structure couplings such as presented here would con-
A fluid/structure coupled aeroelastic solver for turboma- tribute to these kind of numerical predictions for aeroelastically
chinery based on a three-dimensional unsteady RANS solver, severe conditions. Furthermore, one of the biggest benefit of the
TFLO, and the finite element structural analysis package, numerical analysis is its richness in data that the experiment has
MSC/NASTRAN, was developed for use in turbomachinery flut- been lacking due the difficulties in installing the measurement
ter simulations. The capabilities of the solver are demonstrated instruments.
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In-passage shock -

1.360E-05

®-1.360E-05

Shock in
supersonic bubble

(a) Mean Pressure - Suction Side (b) Work per Cycle — Suction Side

w 1.360E-05

M -1 .360e-05

(c) Mean Pressure — Pressure Side (d) Work per Cycle — Pressure Side

Figure 9. MEAN PRESSURE AND WORK PER CYCLE DISTRIBU-
TION ON THE BLADE SURFACES FOR NEAR PEAK EFFICIENCY,
o =180deg
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