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Introduction

The propulsion element of the NASA Advanced Subsonic Technology (AST) initiative is
directed towards increasing the overall efficiency of current aircraft engines. This effort
requires an increase in the efficiency of various components, such as fans, compressors,
turbines etc. Improvement in engine efficiency can be accomplished through the use of
lighter materials, larger diameter fans and/or higher-pressure ratio compressors. However,
each of these has the potential to result in aeroelastic problems such as flutter or forced
response. To address the aeroelastic problems, the Structural Dynamics Branch of NASA
Glenn has been involved in the development of numerical capabilities for analyzing the
aeroelastic stability characteristics and forced response of wide chord fans, multi-stage
compressors and turbines.

In order to design an engine to safely perform a set of desired tasks, accurate information of
the stresses on the blade during the entire cycle of blade motion is required. This requirement
in turn demands that accurate knowledge of steady and unsteady blade loading is available.
To obtain the steady and unsteady aerodynamic forces for the complex flows around the
engine components, for the flow regimes encountered by the rotor, an advanced compressible
Navier-Stokes solver is required. A finite volume based Navier-Stokes solver has been
developed at Mississippi State University (MSU) for solving the flow field around muitistage
rotors. The focus of the current research effort, under NASA Cooperative Agreement NCC3-
596 was on developing an aeroelastic analysis code (entitled TURBO-AE) based on the
Navier-Stokes solver developed by MSU. The TURBO-AE code has been developed for
flutter analysis of turbomachine components and delivered to NASA and its industry
partners. The code has been verified, validated and is being applied by NASA Glenn and by
aircraft engine manufacturers to analyze the aeroelastic stability characteristics of modern
fans, compressors and turbines.



Summary of Accomplishments

Version 4 of the TURBO-AE code was developed, checked and delivered to NASA and its
industry partners. In this version of code, all possible inter-blade phase angles are analyzed
using a single blade passage by incorporating phase-lagged boundary conditions. Both
direct-store and Fourier-decomposed methods have been implemented into the code for the
phase-lag analysis. In the direct-store method, all the relevant information are stored for
lagging (time-shifting) the passage boundary conditions by the appropriate phase. Since the
flow variables for the passage fluid boundaries need to be stored for the oscillation cycle, this
method can become prohibitive in regards to memory requirements. Memory requirements
on CRAY computers can be reduced by using the solid-state devices (ssds) to read and write
instead of storing the variables within the core memory. This option, however, is not
feasible within a work-station environment. To alleviate the problem on work-stations, a
Fourier-decomposition analysis method was implemented. In this method, the time variation
of the flow variables at the passage boundary was decomposed into their Fourier coefficients
and only relevant coefficients were stored. This significantly reduces the storage
requirement, however, the computational time is increased as Fourier decomposition as well
as reconstruction of flow variables from the stored Fourier coefficients are required at each
time step.

Both of these methods were implemented into the TURBO-AE code. The code has been
verified by applying it to a helical fan and released to NASA and its industry partners. Some
of the results obtained from this version of the code are summarized in Refs. [1,2]. Further
code validation results are summarized in Ref. [3].

Modification of the TURBO-AE, code in order to perform forced response calculations was
started. The 3-D unsteady boundary conditions, developed by researchers at UTRC [2],
currently does not allow disturbances to enter the computational domain. In other words, it
only allows disturbances to propagate out of the domain. Work was also started with the
ultimate aim of understanding the unsteady boundary conditions and modifying them for
forced response calculations. This modification requires coding changes to allow for
prescribed disturbances from outside the domain to propagate into the computational
domain.

Drs. R. Srivastava and M. A. Bakhle, both of the University of Toledo, held two workshops,
for the industry partners and the Air Force, at NASA Glenn. The workshops provided the
potential users of TURBO-AE all the relevant information required to prepare the input data,
execute the code, interpret the results and benchmark the code on their computer systems.
Technical support was also provided to researchers at NASA and to the industry partners
who are currently using the code.
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ABSTRACT

In the present work a comparative study of phase-
lagged boundary condition methods is carried out.
The relative merits and advantages of time-shifted
and the Fourier decomposition methods are compared.
Both methods are implemented in a time marching
Euler/Navier-Stokes solver and are applied to a flat plate
helical fan with harmonically oscillating blades to perform
the study. Results were obtained for subsonic as well as
supersonic inflows. Results for subsonic inflow showed
good comparisons with published results and between the
two methods along with comparable computational costs.
For the supersonic inflow, despite the presence of shocks
at the periodic boundary results from both the methods
compared well, however, Fourier decomposition method
was computationally more expensive. For linear flowfield
Fourier decomposition method is best suited, especially
for work-station environment. The time-shifted method
is better suited for CRAY category of computers where
fast input-output devices are available.

INTRODUCTION

Numerical aeroelastic analysis methods have been
developed using both two-dimensional and three-
dimensional aerodynamics. Srivastava et al. (1998) have
provided a good reference for these methods, The meth-
ods based on two-dimensional aerodynamics are fast but
ignore the real physical effects of three-dimensional flows.
The three-dimensional analyses capture all the required
physics but are much more computationally expensive.
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More so for analyses of inter-blade phase angles (IBPAs)
requiring large number of blade passages to be included
in the analysis. To reduce computational time, especially
for smaller IBPA vibrations, several phase-lagged meth-
ods have been reported in the past. Erdos et al, (1977)
were the first to develop an analysis based on direct-
store method. The direct-store method stores all the
relevant fluid properties over the oscillation cycle which
is applied with appropriate lag for the IBPA being an-
alyzed. Though, no loss in fidelity occurs, the method
requires significant additional memory and becomes pro-
hibitive for large three-dimensional problems. Another
method, known as time-inclined computational plane ap-
proach, was proposed by Giles (1988) primarily to over-
come the problem encountered in rotor-stator applica-
tions where no final periodic state exists. This method
requires transforming the original governing equation to
account for the tilting of the time plane. He (1989) pro-
posed a shape-correction method for applying the phase-
lagged boundary conditions that did not have the storage
penalty associated with the direct-store method. In the
shape-correction method, the variation of fluid properties
over an oscillation cycle is decomposed into its Fourier
coefficients and only the coefficients are stored. These co-
efficients are used later to regenerate the fluid properties
as required. Later, He and Denton (1994) extended the
method to three-dimensions. Peitsch, Gallus and Weber
(1996) proposed a variation of the direct-store method
to reduce the storage requirements, using a “foothold
technique” that stores the fluid properties only at cer-
tain foothold points. The properties at other points over
the oscillation cycle is obtained by interpolation from the
nearest foothold point.

Except for the Giles’ “time-tilting” method, which re-
quires transforming the governing equations, the above
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methods are based on either the direct-store method or
the shape-correction method. The direct-store method
requires large in core memory for storing the flowfield
properties over the oscillation cycle. On a CRAY type
machine where solid state devices (SSDs) can be used for
fast input-output, the memory requirements of the direct-
store method can be minimized. The Fourier decompo-
sition method does not require large data storage, how-
ever, additional computational time is required to Fourier
decompose and then regenerate the fluid properties us-
ing stored coefficients. Unlike the direct-store method,
it relies on superposition making the problem essentially
linear. Linearity may be of concern for problems where
strong vibrating shocks are present at the periodic pas-
sage boundary. Further, because of the lag associated in
enforcing the “phase-lag”, the rate of convergence also
becomes an issue for the two methods. Clearly, there are
advantages and disadvantages associated with both the
methods. It is not clear if one method is superior to the
other. The present study attempts to highlight the advan-
tages of one method over the other, given the problem of
interest and resources at hand. Towards this goal, the pri-
mary objective of the present study is to implement both
phase-lagged methods into one solver. Both the methods
are then applied to identical problems in order to investi-
gate their relative advantages.

In the present work, the two methods are implemented
within the TURBO-AE code. The TURBO-AE code is
currently under development at NASA Lewis Research
Center. The details of the code along with several results
have been reported by the authors of this paper in Bakhle
et a! (1996, 1997). This analysis can analyze flutter for all
the possible IBPAs. Srivastava et al. (1998) implemented
the time-shifted method based on direct-store method and
validated and verified the analysis with previously pub-
lished results. In the present work the Fourier decompo-
sition method with multiple updates per oscillation cycle
is implemented within the TURBO-AE and the program
is applied to a flat plate helical fan. The obtained results
are compared for accuracy and computational efficiency
for each of the two methods. To reduce computational
cost, results are obtained using inviscid calculations.

THE TURBO-AE CODE

The aeroelastic solver TURBO-AE is described in brief
in this section. Interested readers may refer to Bakhle
et al (1996, 1997) for greater details. The details of the
time-shifted boundary conditions are described in Srivas-
tava et al. (1998). The Fourier decomposition method is
based on the method proposed by He (1989). TURBO-
AE is based on an Euler/Navier-Stokes unsteady aero-
dynamic solver TURBO (Janus 1989), for internal flow

calculations of axial flow turbomachinery components.
TURBO-AE can model multiple blade rows undergoing
harmonic oscillations with arbitrary IBPAs. The aerody-
namic loads are obtained by solving the unsteady Eu-
ler or Navier-Stokes equations. For the viscous calcu-
lations, Reynolds-averaged Navier-Stokes equations are
solved. The Baldwin-Lomax equations are used to mode]
the turbulence. The aerodynamic equations are solved us-
ing a finite volume scheme. Flux vector splitting is used
to evaluate the flux Jacobians on the left hand side. The
right hand side fluxes are discretized using the higher or-
der Total Variation Diminishing (TVD) scheme based on
Roe’s flux difference splitting. Newton sub-iterations are
used at each time step to maintain the higher accuracy.
Symmetric Gauss-Sidel iterations are applied to the dis-
cretized equations. A newly developed three-dimensional
non reflecting boundary condition (Montgomery and Ver-
don 1997) is applied at the upstream and downstream
boundary. The blade motions are at a prescribed fre-
quency, and are simulated using a dynamic grid deforma-
tion technique. The grid is updated at each time step by
recalculating the grid using linear interpolation, assuming
the far field boundaries to be fixed. The grids on the cas-
ing are, however, allowed to slide along the casing. The
aeroelastic characteristics of the rotor are obtained by cal-
culating the energy exchange between the vibrating blade
and its surrounding fluid. A positive work on the blade
indicates instability (Bakhle et al. 1996).

NUMERICAL RESULTS

Sample results obtained from TURBO-AE for phase-
lagged boundary conditions are presented in this section.
Results are obtained for a flat plate helical fan config-
uration used by Montgomery and Verdon (1997). The
fan configuration consists of 24 flat plate blades with zero
thickness enclosed within a rigid cylindrical duct with no
tip-gap. At mid-span, the stagger angle is 45° and the gap
to chord ratio is one. Results are presented for two dif-
ferent inflow conditions at mid-span: a subsonic relative
inflow Mach number of 0.7 at zero incidence with axial
Mach number of 0.495 and a supersonic relative inflow
Mach number of 1.3 at zero incidence with axial Mach
number of 0.9192.

The grid used for the analysis is an H-O type grid with
141 points in the streamwise direction, 11 points in the
spanwise direction and 41 points in the blade to blade
direction. The aeroelastic analysis is carried out by first
obtaining a steady aerodynamic solution for the given con-
ditions. From this steady solution, the unsteady solution
is started by forcing the blades to undergo a harmonic mo-
tion at the given frequency, mode shape and IBPA. The
unsteady aerodynamic behavior, as well as work-per-cycle



unsteady pressure difference

is calculated for the oscllating blades.

A comparison of results from TURBO-AE, a linearized
Euler analysis (Montgomery and Verdon 1997) and a two
dimensional linear theory (Smith 1972) is shown in Figs.
1 & 2 at the subsonic relative inflow condition. These
results are reproduced here from Srivastava at al (1998)
for sake of completeness. A good comparison with lin-
ear theory and linearized analysis indicates the unsteady
aerodynamic behavior predicted by TURBO-AE to be ac-
curate.
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Figure 1: Unsteady pressure difference variation with
chord at mid-span for 0 deg IBPA pitching oscillations

The phase-lagged analysis was carried out next for the
subsonic relative inflow condition. The blades were forced
into a pitching oscillation about their mid-chord at a re-
duced frequency of one and -90 deg IBPA. The analy-
sis was carried out using both the time-shifted and the
Fourier decomposition methods. Two different analyses
were performed for the Fourier decomposition method.
In one of the analyses one Fourier coefficient was retained
and the coefficient was updated only once per oscillation
cycle. In the other analysis the coefficient was updated
four times during each oscillation cycle. The multiple up-
dates of the coefficients is expected to provide a faster
convergence. The time-shifted analysis has been previ-
ously validated by Srivastava et al (1998). The results
obtained for the Fourier decomposition method are, there-
fore, compared with the results obtained from the time-
shifted method to ascertain the accuracy of the Fourier
decomposition method. These results are shown in Figs.
3 & 4. In Fig. 3 the variation of total work-per-cycle with
oscillation cycle is shown. It can be seen that the Fourier-
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Figure 2: Unsteady pressure difference variation with
chord at mid-span for 180 deg IBPA plunging oscillations

decomposition method with multiple updates per cycle is
the fastest to converge with single update per cycle be-
ing the slowest. However, the three analyses eventually
converge within 0.1 % of each other, indicating that once
convergence is achieved the results are same. This is fur-
ther verified by comparing the unsteady pressure differ-
ence variation along chord at mid-span. The comparison
for the three analyses is shown in Fig. 4. A very good
comparison is obtained. This indicates that the results
from the Fourier decomposition method are as accurate
as the time-shifted analysis. It also indicates that the
four updates per cycle converges much faster than single
update, hence in all subsequent work four updates per os-
cillation cycle will be used for the Fourier-decomposition
method.

For the subsonic inflow condition, the analysis was also
carried out using four blade-passages in order to simulate
the -90° IBPA condition. Using four blade-passage anal-
ysis provides the most accurate results as no approxima-
tions are involved. The phase lagged conditions introduce
errors into the analysis especially since the conditions at
the start of the analysis are not known. Comparisons with
four-blade-passage analysis also provide a means to mea-
sure the benefits of phase-lagged boundary conditions in
terms of savings of computer resources. The results ob-
tained for the four-passage analysis are compared with the
results obtained from the time-shifted and the Fourier-
decomposition methods. The convergence of work-per-
cycle for the three analysis methods is shown in Fig. 5.
For the four passage analysis, as expected, the total work
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Figure 3: Comparison of work-per-cycle convergence for
phase-lagged analysis methods for M=0.7 and -90 deg
IBPA
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Figure 4: Comparison of unsteady pressure difference
variation with chord at mid-span for phase-lagged analy-
ses for M,=0.7 and -90 deg IBPA
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Figure 5: Comparison of work-per-cycle convergence for
phase-lagged analyses with multiple passage analysis for
M=0.7 and -90 deg IBPA

for all the four passages coalesce. Also, the four passage
analysis takes approximately four to five oscillation cy-
cles to converge. The time-shifted analysis, shown with
dashed lines, requires approximately eight cycles, whereas
the Fourier-decomposition method converged in five to six
oscillation cycles. The total work from the three analysis
methods converge to within 0.5% of each other. This in-
dicates that the three methods are equally accurate. This
is further confirmed by comparing the unsteady pressure
difference variation, Fig. 6. Once again a very good com-
parison is obtained indicating accuracy is not a concern
for phase-lagged boundary conditions for the conditions
where flowfield can be assumned linear.

From these results it can be seen that the four-passage
analysis requires the least number of oscillation cycles to
converge, whereas the time-shifted analysis requires the
largest number of cycles. However, the computational
cost for the four-passage analysis was largest. This is
because the analysis had to be carried out using four-
passages as opposed to a single passage for phase-lagged
analyses. This reduced the problem size of the phase-
lagged analysis to one fourth that of the four-passage
analysis. The smaller number of cycles required for con-
vergence do not sufficiently offset the increase in com-
putational cost for the multiple passage analysis. Fur-
ther, despite the difference in rate of convergence for
the time-shifted analysis and the Fourier-decomposition
method, the computational costs required for convergence
are fairly comparable, see Table 1. This is because of the
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Figure 6: Comparison of unsteady pressure difference
variation with chord at mid-span of phase-lagged anal-
yses with multiple passage analysis for M.,=0.7 and -90
deg IBPA

increased computational cost required by the Fourier de-
composition method to Fourier decompose and regenerate
the fuid properties is offset by increased rate of conver-
gence. It should also be noted here that the memory re-
quirements of the time-shifted analysis can be reduced by
using the SSDs available on the CRAY computers. The
SSDs help reduce the memory requirements significantly
for a marginal increase in the computation cost of reading
and writing to the disk.

All of the above analyses were carried out on a CRAY
C-90 computer. The computer resources required are tab-
ulated in Table 1. The CPU time required per time step
shows the additional cost per time-step for the Fourier de-
composition method over the time-shifted method. This
increase in time, however, is more than compensated for
by increased rate of convergence. Also, for the current
problem, using the Fourier decomposition method reduces
the memory by over 50% as compared to the time-shifted
analysis. Also, it can be seen that despite the faster rate
of convergence for the four-passage analysis the CPU re-
quirements are almost three times as much as that of the
phase-lagged methods. This difference will increase sig-
nificantly for analyzing the smaller IBPAs requiring many
more blade passages for the multiple passage analysis. Es-
pedially since the rate of convergence for the time-shifted
analysis is independent of the IBPA being analyzed (Sri-
vastava et al, 1998). Also, from Table 1 it appears that the
Fourier-decomposition method with multiple updates of

the coefficient and the time-shifted method may be com-
parable in CPU requirements. Therefore, the choice of the
particular method will depend on the available resources
and the problem being analyzed. For problems where flow
behavior can be assumed linear, superposition is not of
concern, the Fourier-decomposition method is best suited
irrespective of the resources available. For problems where
nonlinearity may be of concern time-shifted method may
have to be used, especially if SSDs are available.

The two methods were next applied to a supersonic in-
flow condition to help evaluate the effectiveness and prob-
lems that Fourier-decomposition method might have for
flows with nonlinearities. The analysis was carried out for
+90 deg and -90 deg IBPA. The flow condition is subres-
onant (waves propagating for supersonic relative inflow,
Verdon (1989)) for the +90 deg IBPA and is superres-
onant (waves decay away from the blade row, Verdon
(1989)) for the -90 deg IBPA with resonance at -102.1
deg. The +90 deg was analyzed using the Fourier de-
composition method with one, five, and 11 Fourier coef-
ficients, as well as with time-shifted method. A Fourier-
decomposition analysis was carried out using 15 coeffi-
dents also, but the results were found to be identical to
the 11 coefficient analysis.

The comparison of the total work convergence history
for the four analyses is shown in Fig. 7. For sake of com-
putational cost the analysis was carried out for only 18
oscillation cycles. Even though the flowfield is not com-
pletely converged after 18 cycles, the disturbances appear
to be dying out. The 11 coefficient analysis compares very
well with the time-shifted analysis.

The one and five coefficient analyses show small differ-
ences. Interestingly the total work calculated using only
one coeficient compares very favorably with time-shifted
analysis and also converges faster. However, significant
differences are found for the unsteady pressures between
the results from one coefficient analysis and the other
three analyses. The first and second harmonics of the
blade surface unsteady pressure differences at mid span
are shown in Fig. 8. The first harmonic pressure shows
good comparison between the four analyses over most of
the blade chord. Over the last 10-12 % of the chord,
one coefficient analysis shows differences in both real and
imaginary pressures. The second harmonic of the pressure
difference, on the other hand, shows significant differences
between the one coefficient Fourier analysis and the other
three analyses. The time-shifted, five and 11 coefficient
analyses show good comparison with each other over most
of the chord, with some minor differences near the trail-
ing edge for the five coefficient analysis. The 11 coefficient
analysis compares very well with the time-shifted method,
hence in all future analyses 11 coefficients were used.
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Figure 7: Comparison of work-per-cycle history for

Mo=1.3 and +90 deg IBPA

The analysis was next carried out for the -90 deg IBPA.
The variation of total work is shown in Fig. 9 for both
time-shifted analysis and the Fourier decomposition anal-
ysis using 11 coefficients. The analysis was again car-
~ ried out for 18 vibration cycles. The time-shifted method
shows convergence, whereas the Fourier decomposition
method does not. Thus indicating that for this condi-
tion the Fourier decomposition method is computationally
more expensive than the time-shifted method. The total
work from both the methods are comparable even though
the Fourier decomposition analysis has not totally con-
verged. The first and second harmonics of the unsteady
pressure difference at mid span are shown in Fig. 10. The
comparison between the two methods is good except over
the last 10-15% of the blade chord near the trailing edge.
During parts of the oscillation cycle a shock appears in
this region of the blade along with passage shocks at the
fluid periodic boundaries upstream of the blades. The
flowfield also showed the passage to be choked for parts
of the oscillation. These flow features indicate that the
flowfield behavior may be nonlinear. For the +90 deg
IBPA, shocks were present but neither choked flow nor
Passage shocks at the fluid periodic boundaries were ob-
served. Despite the presence of shock and choked flow
conditions the method of superposition provides compa-
rable results for this configuration. However, it should be
noted here that the geometry without loading and flow
turning is simplistic. Further investigations with realistic
geometry needs to be carried out to understand in more
detail the influence of nonlinearities on the Fourier de-
composition method.
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Figure 8: Comparison of unsteady pressure difference
variation with chord for M..=1.3 and +90 deg IBPA
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CONCLUSIONS

Two phase-lagged boundary condition methods have
been successfully implemented into the TURBO-AE, an
Euler/Navier-Stokes based aeroelastic solver. Both these
methods along with the multiple passage analysis method
have been applied to an identical geometry to investigate
the accuracy and efficiency of the various methods. Com-
paring the results obtained from these methods it was
found that all the methods provide equally accurate re-
sults, for the subsonic relative inflow condition. For the
supersonic relative inflow the presence of a shock was in
itself not sufficient to invalidate the Fourier decomposi-
tion method. The errors introduced by superposition were
negligible if large number of Fourier coefficients were in-
cluded in the analysis even for flows with shocks at the
periodic boundaries and choked flow conditions.

The study also showed that the phase lagged methods
significantly reduce the computational cost as compared
to the multiple passage analysis. These savings will be
much more significant for smaller IBPAs. The CPU cost
of the time-shifted method was found to be comparable
to that of the Fourier decomposition method. However,
because of the large reduction in memory requirements,
it is recommended that for flowfields where superposition
is not of concern, Fourier-decomposition method be used.
For flows with nonlinearities more study is required to
further quantify the nature of the flowfield for which the
Fourier decomposition method may break down.

8
2
©
=
-]
e
=]
[}
[}
2
Q
3
3
[
=
=
s T v
[+] 025 0.50 0.75 1.00
x/c
(a) First Harmonic
8
=
$
£
-]
8
=2
@
e
Q
i
@
=
-
2

075 1.00

5 B

(b) Second Harmonic

Figure 10: Comparison of unsteady pressure difference
variation with chord for M.,=1.3 and -90 deg IBPA



ACKNOWLEDGEMENTS

This work was carried out under a grant from the NASA
Advanced Subsonic Technology Project. The numerical
results were obtained on the CRAY C-90 computer at the
NAS research facility of NASA.

REFERENCES

Bakhle, M. A., Srivastava, R., Stefko, G. L., Janus, J.
M., 1996, “Development of an Aeroelastic Code Based
on an Euler/Navier-Stokes Aerodynamic Solver,” ASME
Paper 96-GT-311.

Bakhle, M. A., Srivastava, R., Keith, T. G. Jr., Stefko,
G.L., 1997, “A 3D Euler/Navier-Stokes Aeroelastic Code
for Propulsion Applications,” AIAA Paper No. 97-2749.

Erdos, J. 1., Alzner, E., and McNally, W., 1977, “Nu-
merical Solution of Periodic Transonic Flow Through a
Fan Stage” AI44 Journal, Vol. 15, pp. 1559-1568.

Giles, M. B., 1988, “Calculation of Unsteady Wake Ro-
tor Interaction,” Journal of Propulsion and Power, Vol.
4, pp. 356-362.

He, L., 1989, “An Euler Solution for Unsteady Flows
Around Oscillating Blades,” ASME Journal of Turboma-
chinery, Vol. 112, No. 4, pp. T14-722.

He, L. and Denton, J. D., 1994, “Three Dimensional
Time Marching Inviscid and Viscous Solutions for Un-
steady Flows Around Vibrating Blades,” ASME Journal
of Turbomachinery, Vol. 116, pp. 469-476.

Janus, J. M., 1989, “Advanced 3-D CFD Algorithm f
Turbomachinery,” Ph. D. Dissertation, Mississippi Sta:
University, Mississippi.

Montgomery, M. D. and Verdon, J. M., 1997, “A Thre
Dimensional Linearized Unsteady Euler Analysis for Tu
bomachinery Blade Rows,” NASA CR-4770.

Peitsch, D., Gallus, H. E. and Weber, S., 1996, “Con
putation of Unsteady Transonic 3D-Flow in Turbom:
chine Bladings”, ASME Paper 96-GT-307, ASME Inte:
national Gas Turbine and Aeroengine Congress & Exh
bition, Birmingham, UK, June 10-13.

Smith, S. N., 1972, “Discrete Frequency Sound Gener:
tion in Axial Flow Turbomachines,” R & M 3709, Britis
Aeronautical Research Council, London, England, UK.

Srivastava, R., Bakhle, M. A., Keith, Jr., T. G., Stefke
G. L., 1998, “Application of Time-Shifted Boundary Con
ditions to a 3D Euler/Navier-Stokes Aeroelastic Code,
ASME Paper 98-GT-42, ASME International Gas Tur
bine and Aeroengine Congress & Exhibition, Stockholrr
Sweden, June 2-5.

Verdon, J. M., 1989, “The Unsteady Flow in the Fa
Field of an Isolated Blade Row,” Journal of Fluid an
Structures, Vol. 3, pp. 123-149.

Version CPU time/ CPU time for CPU Mem.
time-step |convergence

4 Passages, in core 27.36 secs 7hrs4Smins | 67 Mws
storage
Time-Shifted, in core 6.94secs | 2hrs30mins | 34 Mws
storage
Time-Shifted, ssds 6.98 secs 2 hrs 35 mins 15 Mws
used for /O of BCs
Fourier-Decomposition 7.29 secs 4 hrs 15 Mws
1 Coefficent, 1 update
Fourier-Decomposition 7.67 .
1 Coefficent, 4 updates| '~ 2hrsismins | 16 Mws

Table 1: Comparison of computer resources required by various methods for Mo=0.7 and -90 deg IBPA
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ABSTRACT

In the present work the unsteady aerodynamic char-
acteristics of harmonically oscillating fan blades are in-
vestigated by applying a time-shifted boundary condition
at the periodic boundaries. The direct-store method is
used to implement the time-shifted boundary condition
in a time-marching Euler/Navier-Stokes solver. Inviscid
flow calculations for a flat plate helical fan, in a single-
blade passage domain, are used to verify the analysis.
The results obtained show good correlation with other
published results as well as with the same solver using
multiple blade passages stacked together. Significant sav-
ings in computer time is realized, especially for smaller
phase angles.

INTRODUCTION

The objectives of the Advanced Subsonic Technology
(AST) project, funded by NASA, is to improve the effi-
ciency of the turbomachines and reduce the NOX emis-
sions. To satisfy these objectives, numerical aeroelastic
analysis methods for turbomachinery applications are cur-
rently being developed at NASA Lewis Research Cen-
ter. Numerical aeroelastic analysis methods have pri-
marily been developed for two-dimensional cascades, rep-
resentative of turbomachinery configuration (for exam-
ple, Platzer 1978, Sisto 1977, Fleeter 1979, and Bendik-
sen 1990, among others). These methods are inade-
quate for an accurate analysis as they ignore the strong
three-dimensional flow characteristics present in a turbo-
machine. The large computational cost associated with

*Senior Research Associate, also Resident Research Associate,
NASA Lewis Research Center

' Distinguished University Professor

*Machine Dynamics Branch

three-dimensional analysis, has restricted the primary fo-
cus for the three-dimensional aeroelastic analyses, over
the years, to predicting unsteady aerodynamic forces,
assuming the unsteady behavior to be linear. Several
methods for calculating the unsteady aerodynamic loads
over vibrating blades have been reported in the literature
by solving linear potential equations (Namba 1987, Chi
1993), linearized Euler equations (Hall and Lorence 1993,
Montgomery and Verdon 1997) and non-linear Euler and
Navier-Stokes equations (He and Denton 1994, Peitsch,
Gallus and Weber 1996, and Bakhle et al. 1996 & 1997).
A good review of analytical methods for turbomachinery
blade vibrations is given by Chi (1993).

Some three-dimensional aeroelastic analyses of turbo-
machinery components have also been reported. Carta
(1967), used a quasi three-dimensional approach by stack-
ing two-dimensional strips of isolated airfoil. Williams &
Cho (1991) reported an analysis based on linear panel
method and solved the aeroelastic equation using a pulse
and influence coefficient approach. Recently, methods
based on Eu