
APPLICATION OF THE STRUCTURAL DYNAMICS RESPONSE ANALYSIS CAPABILITY

Mr. T.F. Tibbals
Senior Engineer II

*Dr. M. D. Sensmeier
Senior Engineer II

Team Leader for Aeropropulsion
A&E

Dr. K. L. Nichol
Chief Engineer for Turbine Engine

Structural Test & Evaluation

Sverdrup Technology, Inc. / AEDC Group
1099 Avenue C

Arnold AFB, TN, 37389-9013

Introduction

Testing is conducted to define the vibratory
characteristics of turbine engine structures for assessment
of High Cycle Fatigue (HCF) capability.  These tests are
conducted in a variety of facilities and utilize a variety of
dynamic instrumentation.  It is not uncommon to have a
large number of dynamic transducers (e.g. strain gages,
high response pressure probes, etc.) installed during a
single structural test.  Further, these tests are often
conducted at a variety of simulated operational
conditions.  As a result, the volume of data that typically
is generated can be overwhelming.  Some tests conducted
at the Arnold Engineering Development Center (AEDC)
have generated thousands of engineering analysis
diagrams (mostly Campbell diagrams) each of which can
present modes of vibration up to 50 Khz.

In an effort to bring understanding to all this data, and to
reduce the cost and work load involved, the AEDC has
initiated development two analysis tools.  The first tool is
the DatWizard, which processes aeromechanical data in
a more classical sense (see description below).  The
second tool is the Structural Dynamics Response
Analysis Capability, or SDRAC, which is a model based
analysis tool that merges real-time processed dynamic
test data with finite element models (FEM) and pretest
analysis results.  The tool performs this merge, displays
the analysis results via an interactive graphical user
interface (GUI), and presents an assessment of HCF
capability in real time.  The tool also features a model
modification routine to insure that the mathematical
simulation adequately reflects results from the test.  The
adequacy of the simulation is displayed via error
measures.  The overall function of these capabilities, as
applied to an engine test program, is presented herein.

DatWizard Overview
Aeromechanical data is acquired by sweeping the engine
RPM range for various operating conditions to excite the
vibratory modes.  Classically, aeromechanical data
processing and analysis has been performed by
examining modes based upon frequency only, and
utilizing scope limits and strain ratios on a per mode
basis as a criterion for reliability.  These scope limits
were based upon a reduced-Goodman diagram to ensure
a margin of safety was established.  Strain ratios obtained
from component lab testing or finite element analysis are
used to identify the maximum stress level on
components with minimal instrumentation (often a
complete engine typically only has two strain gages per
blade).  These strain ratios were obtained on a per mode
basis.  Peaks were sorted per mode and assembled into
stress summaries to identify critical operating points.
Low strain ratio data was typically ignored regardless of
the stress value because of unreliability of extrapolating
peak stress from such low strain ratios.  Then these
summaries were summarized further across many test
periods to establish trends based upon transient
parameters applicable to the operating environment (e.g.,
temperature, pressure, guide vane position, etc.).  This
classical aeromechanical evaluation process has been
automated by the development of DatWizard at AEDC.
This program captures the strain ratios and frequency
bands for the different vibratory modes and generates
these stress summaries automatically, immediately after
the test point.  A typical DatWizard analysis screen is
shown in Figure 1, which shows a spreadsheet of the
actual data, and a plot of peaks (stress in this case) on a
modal basis.



Figure 1.  DatWizard Summary Analysis Screen

DatWizard also serves as the set-up interface to ensure a
consistent setup amongst all of the data systems, as
shown in Figure 4.

SDRAC Overview

The classical approach worked well for low aspect ratio
blades, where the modes are widely spaced in frequency.
However, with the advent of high aspect ratio blades and
integrated blade-rotors, the modes many times are too
closely spaced to discern with frequencies only.  Rather
strain ratios across the blade must be used to properly
identify the modes.

The concept for SDRAC was first reported by Peterson,
et al1 in 1978. Development of the current capability
began in 1988.  Reference 2 describes the SDRAC in
detail.  As already stated, the SDRAC is essentially a tool
that combines analytical models of a component with real
time test data to assess the dynamic response
characteristics for all locations on the component.  A key
element in the operation of the SDRAC is the finite
element model.  The model is used to define the
geometry and to interpolate and extrapolate measured
data to uninstrumented locations.  Figure 2 illustrates the
SDRAC analysis process.
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Figure 2.  The SDRAC Analysis Process.

During the test, the SDRAC is fed a dynamic data stream
from the AEDC developed Computer Assisted Dynamic
Data Monitoring and Analysis System (CADDMAS)3.
The CADDMAS converts the analog time-domain signal
into frequency domain digital data in real-time using the
fast Fourier transform (FFT) on a parallel processing
platform.  This data is then used to discern which modes
are responding and at what levels based upon frequency
and strain ratios. Once responding modes are identified,
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model are selected and linearly summed according to the
harmonic motion assumption to establish the overall
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Figure 3 illustrates how this is done.

Figure 3.   FFT mode selection.

This response is then compared with the strain gages
(minimum of two required per component) amplitudes
and amplitude ratios to assess the validity of the model
and its potential for predicting the complete component
stress field.  Modal stresses can be combined with the
steady stresses in a stress-component consistent fashion
for application to a given fatigue criteria.  The Goodman
fatigue criterion and some Fracture Mechanics tools are
currently implemented.

A key feature of the SDRAC is the ability to accurately
map “numerical” strain gages to the finite element
models for direct comparison with test strain data.  These
numerical strain gages model the size of the strain gage
to account for averaging effects present in the test.  This
results in an “apples-to- apples” comparison of analytical
and experimental strain values.  The algorithms
developed for this purpose are documented in [4].
The SDRAC can also be used in an off-line mode by
reading CADDMAS stored time-domain files,
CADDMAS stored Campbell diagram data files, and
CADDMAS or Pre-Processor System (CADDMAS front
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end only, no online monitoring displays) continuous
frequency-domain peaks data files.  The SDRAC has
been used in an off line mode for the following test
programs:
• F110-GE-1—First Stage Fan;
• F100-PW-229 First stage High Pressure Turbine;
• F119-PW-100 Second and Third Stage Fans.
Currently, the SDRAC is being applied to the JSF
engines in an on-line mode.  The SDRAC can also be
used on-line when no model of the component exists by
using the strain ratios and scope limits in a classical
aeromechanical analysis sense to monitor fatigue
potential using the DatWizard setup files.

Application
The aeromechanical analysis process using the two new
tools is shown in Figure 4.
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Figure 4.  AEDC Aeromechanical Analysis Process

For this test program, DatWizard was used to identify
key data points, where SDRAC was to be applied.
SDRAC was then run for these data points.  The
participating modes were confirmed by SDRAC’s spectra
plots.  At this point, to minimize algebraic contribution
of inactive modes, which may be noisy, bad strain gage
channels and poor fitting modes may be turned off.  This
essentially acts as a filter, since most data has a
broadband response below some threshold.
Consequently, this ensures that false readings are not
obtained due to high stress modes being excited by noise
during the harmonic summation.  Figure 5 shows a %-
Goodman time-history plot for the data point.

Figure 5.  SDRAC %-Goodman Time-History

These traces are the maxima for the three selected modes,
6, 10, and 11, obtained from the FEM model, for
anywhere on the component.  Each point of each trace is
determined by searching the whole component for the
maximum stress for the selected mode, and then
computing %-Goodman limit based upon input Goodman
data and criterion.  This plot can be built in near real-
time, such that this plot immediately indicates critical
rotor speeds and the potential for fatigue.  Since this plot
is for only the selected modes, it is much more explicit
than a heavily blackened Campbell diagram when several
modes are excited at once (as in a bladed disk
configuration).  As shown in Figure 6, the Goodman
diagrams can also be plotted directly utilizing the same
sorted points, however, the RPM at which the critical
stress occurred is no longer available.

Figure 6.  Goodman Diagrams Corresponding to the %-
Goodman Time-History

Note that in Figure 6 the strain gage maxima are also
located (square enclosed ‘x’ data points) on the
Goodman-Diagram.  For this test, note that the strain
gage maxima are much lower for 2CWB mode 11 (right
Goodman) than the peak identified by SDRAC.

Finally, the component may be animated to illustrate the
vibrational mode, as shown in Figure 7.  The strain gage
parameters and their locations are shown on the
component.  Obviously, these animations are exaggerated
for visualization purposes, but they do demonstrate the
mode (or modes) and the stress field fluctuations due to
the mode (or modes).  In addition, the visualization can
show the effect of harmonic summation on the distortion
of the pure modes, as well as, illustrate the susceptibility
of the gages to respond to the given mode.



Figure 7.  Blade Deformation animation for the
%-Goodman Time-History

For this particular test, it can be seen in Figures 8 and 9
that two different parameters can give two different %-
Goodman and stress values for the same component
maximums based upon mode identification via
frequencies and strain ratios alone.
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Figure 8. Parameter and SDRAC comparisons for Mode
10
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Figure 9.  Parameter and SDRAC comparisons Mode 11

The more sophisticated mode identification criterion in
SDRAC resolved the inconsistencies of these two
parameters, and provided a single value for the maxima.
In addition, SDRAC correctly distinguished the critical
mode for this test as Mode 11 instead of Mode 10 as
shown from DatWizard in Figure 1.  Finally, SDRAC
showed that the peaks stresses were slightly higher than
that indicated by the classical technique (possibly due to
multi-mode interaction).  In this sense, SDRAC
complements the classical aeromechanical analysis
approaches, and can act as an arbitrator for
inconsistencies.

Summary
Development programs for new engine systems are
generating significantly greater volumes of dynamic data
than ever before.  New engine systems are also seeking to
extract greater and greater work from each stage of the
machine.  These factors highlight a need to increase
understanding of the structural integrity of each
component and to bring understanding to all of the data
generated.  The SDRAC has been developed to meet
these challenges.  As shown, the SDRAC combines the
strengths of state-of-the-art dynamic data processing
technology and finite element modeling technology to
produce a single tool that permits real time analysis of
the modal characteristics of an engine component and
performs fatigue analysis to insure that newly developed
components meet their structural integrity goals.  The
SDRAC has been used successfully on a variety of test
programs, and has demonstrated its advantages over the
classical aeromechanical approaches.

References

1.  Peterson, M.R., Alderson, R.G., Stocton R.J. Tree,
D.J., “Three-Dimensional Finite-Element
Techniques for Gas Turbine Blade Life Prediction”,
AGARD-CP-248, pp. 9-1 – 9-14, 1978.

2.  Nichol, K.L., M. D. Sensmeier, M.D., Tibbals, T.F.,
“Assessment of Turbine Engine Structural Integrity
using the Structural Dynamic Response Analysis
Code (SDRAC)”, IGTI-99-095, ASME Turbo Expo
‘99, Indianapolis, IN, June 6-10, 1999.

3.  Tibbals, T.F., Bapty, T.A., Abbott, B.A.,
“CADDMAS: A Real Time Parallel System for
Dynamic Data Analysis”, ASME Paper No. 94-GT-
194, June 1994.

4.  Nichol, K.L., “Numerical Strain Gage
Representation”, Proceedings of the 39th

AIAA/ASME/ASCE /AHS/ASC Structures,
Structural Dynamics and Materials Conference,
Long Beach, CA, April 1998.


