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Forced Response Aeromechanics Analysis in MATLAB®-Based
Environment Code With Application to Distortion-Tolerant
Fan R24 Blade Geometry

Austin J. Schemmel
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Summary

Researchers at the NASA Glenn Research Center have developed a research-level code for forced
response analysis for turbomachinery that provides a streamlined framework for acromechanics analysis,
as well as for generating Goodman diagrams. The Forced Response Aeromechanics Analysis in a
MATLAB-Based Environment (FRAAME, Version 1) code is designed to accept blade surface unsteady
pressure time histories generated by three-dimensional (3D) Unsteady Reynolds-Averaged Navier-Stokes
(URANS) code TURBO and modal displacements, modal stresses, and static stresses generated via
expanded ANSYS® (Ansys, Inc.) cyclic symmetry analysis. The code’s looping structure allows for large-
scale analyses, including many blade surface pressure files, modal displacements, and modal stress files
for full annulus forced response analysis, including a modal summation method for multiple engine orders
and modes. This code is applied to the R24 fan geometry for the Boundary Layer Ingesting
Inlet/Distortion-Tolerant Fan (BLI’DTF) project, a propulsion system being developed to increase the
fuel efficiency of future aircraft, to serve as validation of experimental data as well as external simulation
results.

This tool’s functional, modular form is intended to allow users to make modifications easily. Those
modifications can include requests for information for any step in the analysis process, as well as adding
various functions to compute additional information of interest. It is also written, given sufficient input
information, as a general blade geometry forced response solver that is not necessarily specific to the R24
geometry but is used here for verification of code functionality and accuracy. Although forced response
analysis tools are also available in commercially available code packages, the post-processing FRAAME
code offers reliable, fast, and scalable forced response analysis and Goodman diagram generation for
large cases utilizing, specifically, TURBO and ANSYS® results information in an effort to streamline
forced response and high cycle fatigue analyses.

Nomenclature
3D three-dimensional
asf ANSYS® scaling factor
ANSYS® commercial FEA solver
BLI boundary layer ingestion
BLI’DTF Boundary Layer Ingesting Inlet/Distortion-Tolerant Fan
Campbell diagram plot that represents a system’s response spectrum as a function of its oscillation
regime
CFD computational fluid dynamics
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Delaunay triangulation interpolation algorithm for mapping modal displacements to unsteady blade
surface pressure grid

DTF distortion-tolerant fan
FEA finite element analysis
FFT fast Fourier transform
FRAAME Forced Response Aeromechanics Analysis in a MATLAB-Based Environment
Goodman diagram graphical representation of the risk of high cycle fatigue failure of a structural
component
URANS Unsteady Reynolds-Averaged Navier-Stokes
Introduction

The complex nature of fluid-structure interaction demands taking particular care in turbomachinery
component design where components such as engine fans can be exposed to large dynamic loading
phenomena. Dynamic effects on the structures include vibratory loading due to rotational loads, as well as
aerodynamic loads during operation. Aeroelastic phenomena such as forced response and flutter, which
are produced by turbomachine operating conditions, can lead to high cycle fatigue and sudden
catastrophic failure. Development of a tool to predict forced response and high cycle fatigue is required so
that areas of expected resonance or modal contributions to a structure’s overall vibration pattern can be
analyzed in an effort to minimize the chances of encountering acroelastic effects during operation that can
lead to structural failure. Various commercial code packages possess the capability of performing forced
response analysis internally depending on compatibility and availability of computational fluid dynamics
(CFD) and finite element analysis (FEA) solvers. Researchers at NASA Glenn Research Center utilize
TURBO, a noncommercial CFD code developed in house (Refs. 1 and 2) for aeromechanics analysis, in
conjunction with commercial FEA solvers ANSYS® (Ansys, Inc.) and MSC Nastran (Hexagon AB).
Recently, the team at NASA Glenn used the MATLAB®™ (MathWorks, Inc.) programming language to
create an external post-processing tool, Forced Response Aeromechanics Analysis in a MATLAB-Based
Environment (FRAAME, Version 1) code, which provides a streamlined framework capable of coupling
TURBO/ANSYS® output formats in a batch processing utility. The primary advantage of this framework
is repeatability for potential design changes, CFD/FEA run condition changes, etc. Output from each
solver can be post processed for forced response solutions and Goodman diagram generation for batch
jobs containing unsteady aerodynamics results for multiple blade passages and structural dynamics
solutions for multiple modes/engine orders with minimal user input. Similarly, specific conditions can be
isolated and analyzed individually if a special case is of interest including, for example, a mode/engine
order Campbell diagram crossing, which may correspond to a large dynamic response during operation.
Another benefit of a separate post-processing environment is immediate generation of new solutions in
the event potential changes arise in CFD/FEA analyses. For example, if changing CFD flow conditions or
inputs require rerunning cases, then forced response analysis must be completely restarted. The
commercial solution currently in use can perform forced response analysis but only on a case-by-case
basis including a single mode/engine order. In contrast, FRAAME offers a one-step environment in which
successive CFD runs can be deposited into the working directory and a batch job of updated forced
response analyses for multiple modes/engine orders can be completed using the existing modal analysis
results.

This report documents the code development considerations for general geometries, as well as the
code’s application to a real-world case that was tested previously in NASA Glenn’s 8- by 6-Foot
Supersonic Wind Tunnel (Ref. 3). This report outlines FRAAME development efforts, as well as the
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code’s application to specific cases pertaining to analysis performed for the R24 Distortion-Tolerant Fan
(DTF) for purposes of validating forced response analysis and Goodman diagram generation.

Description of Forced Response Analysis Solvers

Forced response analysis and Goodman diagram generation effectively require fundamental inputs of
unsteady aerodynamics information, modal displacements, and modal and static stresses. Unsteady
aerodynamic information used in this FRAAME code is generated by TURBO, a time-domain, three-
dimensional (3D) Unsteady Reynolds-Averaged Navier-Stokes (URANS) solver that is used to simulate fan
operation. TURBO simulations result in unsteady blade surface pressure data as a time history that is used in
this code as input. Structural dynamics information is generated by the ANSYS® commercial finite element
structural analysis solver. ANSYS® simulations result in modal displacements and modal and static stresses,
which are used in this code as input. A neglected consideration for this effort that will be explored in further
work includes the effects of blade mistuning, in which small differences in blade-to-blade geometry may
influence the flow field and blade natural frequencies. Therefore, this code analyzes uniform blade geometry
for all blades around the annulus. This code is written to analyze all blades around the annulus given
sufficient input information. The application of this code for this report considers pressure information for a
single blade in the model, as well as a single blade from an expanded model using cyclic symmetry
structural dynamics analysis. The code imports a file generated by TURBO that contains CFD model
information and the blade surface unsteady pressure time history. The code also imports various files
generated by ANSYS®, which include full model information, modal displacements, modal stresses, static
stresses, and frequency information, depending on which modes/nodal diameters the user requests to be
analyzed. Once information is imported and extracted, a generalized forced response parameter is calculated
for each mode at each engine order for each blade considered. This information is then applied to the modal
stresses to generate a Goodman diagram for each mode at each engine order for each blade considered.
Ultimately, a modal summation can be performed to generate a Goodman diagram that includes all modal
contributions for each engine order. This represents each vibration mode’s contribution to the high cycle
fatigue of the structure, depending on the operating conditions prescribed as inputs to the main script
including, for example, part speed conditions. The application of this code to the R24 fan geometry provides
repeatable, accurate forced response analysis for various part speed conditions with resonant and
nonresonant responses.

Code Development: Case-Specific Input

In addition to the input files required to perform a forced response analysis, some specific inputs are
also required when using the FRAAME code. In particular, four manual inputs must be set for each
simulation. Inputs from CFD analysis, FEA analysis, and manual inputs are processed by the code’s main
loop to produce the outputs shown in Figure 1.

The first of the four required manual inputs is a CFD input that considers flow field periodicity.
TURBO simulations typically involve many fan blade revolutions in order to ensure confidence that the
flow field is periodic and the solution is numerically converged. A revolution selection input can capture
individual or multiple revolutions in the unsteady pressure time history. In this analysis procedure, the
final revolution is selected because it contains a periodic solution from the previous revolution.
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CFD inputs from TURBO:
blade surface unsteady
pressure time history,
mesh info

Output:
. Forced response amplitude for

each mode, engine order, blade
Contour plots for physical nodal
displacements/stresses
Modal summation method for
Goodman plots
Strain gage stress calculations

Main loop:

1. Loop blades

2. Loop nodal diameter

3. Loop mode

4. Forced response (tuned
system calcuation)
Return to 1

FEA inputs from ANSYS®:
blade surface modal
displacements and stresses
at nodes, mean stresses,
blade natural frequency
mesh information e

Manual inputs: nodal
diameter, mode, blade
number, percent speed,
reference values, mechanical
damping, rpm, etc.

Figure 1.—FRAAME code logic flowchart.

The second input is an FEA input that considers the ANSYS® solution model. Cyclic symmetry
analysis includes either an expanded or unexpanded model, in which the expanded model is more
representative of the full fan configuration, and the unexpanded model is more representative of a single
blade sector. This specification involves a scaling factor that must be applied to all modal displacements
and stresses during forced response analysis. The expanded model will include a scaling factor as a
function of selected nodal diameter; the unexpanded model will not. A final consideration in this logic
includes the nodal diameter that is selected. For example, a fan containing 12 blades has the same scaling
factor for nodal diameters 0 and 6. All other nodal diameters have the same scaling factor but different
than nodal diameters 0 and 6. This input currently invokes several similar functions in the main script,
which are called individually, depending on which case is used. For the purposes of the analysis presented
in this report, modes 1 through 3 with nodal diameters 1 and 4 are considered for the expanded cyclic
symmetry model, so only one function is utilized.

The third input is a true-false flag for specifying the blade natural frequency for the mode of interest.
A specification of blade natural frequency is usually not required, but a certain consideration when
calculating forced response is a worst-case approach where the forcing frequency due to the aerodynamic
loading and the natural vibration frequency of the blade are exactly the same. This produces the largest
response on the blade as a function of frequencies and mechanical/aerodynamic damping. This
corresponds to the largest response considered for specific conditions, namely, rpm/natural
frequency/engine order/mode crossings on a Campbell diagram. If the flag is true, a partner input includes
a specific natural frequency that can be used to modify natural frequency if experiment differs from
simulation. If the flag is false, the partner input can be left as any arbitrary value, and the code will
calculate the forcing frequency as a function of percent speed and selected nodal diameter. For the
purpose of this code, a statement is embedded that checks frequencies and will set them equal if they are
within a 10 percent margin in order to capture the largest possible response; this provides a conservative
estimate on calculated stresses.
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The fourth input considered allows the user to specify whether strain gage information is included as
FEA node numbers or nodal coordinates. A separate function determines how to identify candidate FEA
node numbers for given gage locations or calculates gage stresses given FEA node numbers. For the
purpose of this analysis, gage locations and FEA node numbers are known and both are considered in an
effort to compare with experimental and simulation results in Reference 4.

The remaining inputs required for code functionality are case specific. Nodal diameter, mode, and
blade number are specified and act as the main driver of the forced response analysis as inputs to the main
logic loop. Additional case-specific manual inputs include blade percent speed, timesteps per revolution,
binary file header length, number of blades in the model, structural damping, revolutions per minute,
strain gage FEA node number and/or nodal coordinates, and frequency margin. For one of the R24
conditions presented in this report, a resonant response is of interest as it was observed in experiment. In
order to capture the full effect of the resonant response, that is, when the forcing frequency is equal to the
blade natural frequency for a specific mode, a frequency margin is established as a check in the event a
forcing frequency is close to the natural frequency. Other manual inputs that are required for TURBO
simulations, including blade length scale for dimensionalization of the CFD mesh, reference pressure, and
air specific heat, are available in TURBO output files with naming convention ‘TURBO.#.out’, but they
are currently required for this code as manual input. FRAAME code output includes mode-specific forced
response calculations that can be applied to modal information to produce physical displacements/stresses
for the model. The steps that follow include plotting contours, Goodman diagram generation via modal
summation method, and stress calculations at prescribed strain gage locations.

Code Development: CFD Information

TURBO, a time-domain, 3D URANS solver, is used to model fan flow. The R24 fan blade geometry
is designed specifically to operate in an environment in which large inlet distortions interact with the fan.
The inflow boundary conditions used in this analysis are due to boundary layer ingestion (BLI) inflow as
the design considers an airframe embedded engine. The TURBO simulation with BLI distortion results in
unsteady blade surface pressure time history data that can be exported with the naming format
‘prhist.#.hs’ for any blade in the model. The default format of the written files includes an unformatted
binary Fortran syntax, which for the initial purposes of this work required a format conversion to
formatted stream, as well as variable changes from integer to double precision in order for the MATLAB®
programming environment to extract the data more easily. Due to the format of the Fortran binary files,
careful consideration was necessary while importing each pressure history file, including consideration of
header information in which Fortran-compatible file readers natively take account. Information of interest
that is written to the pressure history files includes grid index information, number of timesteps
completed for each TURBO simulation, nondimensional grid surface coordinates, nondimensional grid
cell areas, and unsteady pressures distributed onto grid cell faces for all timesteps and revolutions
requested for each TURBO simulation. The extracted information that is required for forced response
analysis can be used to calculate a pressure force time history on the blade surface as a preliminary step if
required. This routine serves as an automated approach to extracting relevant CFD information for
analysis and can be updated depending on available pressure history files.

Code Development FEA Information

The FRAAME tool uses ANSYS® modal analysis results as input, namely modal displacements and
both modal and static stresses. ANSYS® can generate a text file including the full FEA node numbering
and corresponding 3D Cartesian nodal coordinates; a function within the FRAAME code imports and
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extracts this information in one step. This information is used in the main loop to filter coordinates from
only information on the blade surface from the modal analysis files. Currently in this code, FEA results of
interest are imported as readable text files as opposed to CFD results, which are written in a binary
format. Naturally, each text file will include extraneous information that is not considered useful for
analysis, such as text indicating job name, headers, etc. Given that the information of interest is mostly
numerical, a specified string of ASCII characters including text is defined and used to filter out any
extraneous text in the file to make organizing data a simpler process. After this extraneous text is
removed, a fixed-width field delimiter consistent with the ANSYS® output structure converts the text
strings to double-precision usable data. This process allows for a generalized, automated approach to
reading various files containing modal information for different modes and nodal diameters that are used
in this analysis. Each step in importing and organizing FEA data uses this approach assuming consistent
file nomenclature. Once the aerodynamics information is extracted, a function extracts modal
displacements and computes forced response. This function searches for files with a set nomenclature and
specific string information including blade geometry for any mode and nodal diameter requested. A list of
strings included as manual input representing keywords determine the modal information and blade
natural frequencies in each file. Once nodes and corresponding modal displacements are extracted,
coordinates are filtered from the full model such that the blade surface nodes, coordinates, and modal
displacements are saved for further aerostructure computations. Similar logic is applied in another
function after forced response calculations in the main loop that handle modal stresses. The naming
convention for modal displacements and stresses are intentionally made similar so that file-reading logic
can be applied to both functions with minor changes. A special consideration is made for the R24 case in
which variation in materials at the blade and disk potentially influence results. In other words, there is a
distinct possibility that the connection between the blade and disk may contain shared node numbers in
which the stresses associated with the shared node number are averaged. Given that most analysis results
for this case indicate larger deformations and stress concentrations through the blade in the spanwise
direction, averaging nodes near the hub most likely will not influence the solution by a considerable
amount. The information at the shared nodes of the blade and disk are averaged for the computation to
continue. Ultimately, this modal stress function produces scaled complex stresses at each node on the
blade surface, as well as Von Mises stresses that will contribute to generated Goodman diagrams. Another
function using similar logic, the modal displacement and stress functions, is used to calculate static Von
Mises stresses, which also contribute to generated Goodman diagrams, but this function lies outside the
main loop.

A function to identify locations of interest for calculating stresses in the presence of strain gages has
been developed to offer further verification either to experiment or external simulation results. Currently,
this function offers the ability to specify node numbers in the model or gage coordinate locations. The
simpler case is if the node numbers in the model are selected as input to the main script, then complex
stresses are calculated. The less simple case is if the node locations are specified as input to the main
script, then a search routine identifies candidate node locations in the model to find the closest node or set
of nodes. This is accomplished by first searching through the list of nodal coordinates in the model and
identifying exact matches for all combinations of three Cartesian components down to individual
Cartesian components. If no exact matches are found, the routine will search through the list and gather
candidate nodes close to specified gage locations within small established tolerances. Once a node is
located within a certain tolerance considering all three coordinate directions, complex stresses are
calculated. Currently the tolerances, which range from 0.001 to 0.15 to capture a relatively small list of
candidate nodes, are hard coded and future iterations of this code should include more robust logic to
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handle such situations. With all relevant CFD and FEA data extracted and organized, aerostructure
calculations including forced response and Goodman diagram generation can proceed.

Code Development: Aerostructure Computations

At this stage, a time history of blade surface unsteady pressures, CFD mesh information, FEA mesh
information, modal displacements and stresses, and static stresses are available to be used for forced
response analysis. One consideration when using this code is how the model information is organized. It
is assumed that the CFD mesh will generally be structured while the FEA mesh will be unstructured. It is
also assumed for this case that the CFD mesh will be much coarser than the FEA mesh. The pressures and
mode shapes should be resolved to a single mesh in order for the aerostructure interaction to be
calculated. Therefore, the mode shape from the FEA mesh is interpolated onto the CFD mesh using a
built-in Delaunay triangulation (Ref. 5) of scattered data function in MATLAB®. This interpolant, with
the inclusion of a cyclic symmetry scaling factor in Equations (1) to (3), produces interpolated modal
displacements represented on the CFD mesh.

ﬁscaled = ﬁunscaled * an (1)
asf = |74 @)
m
L if ND=0 orNDzﬂ
m= 2 3)
2; otherwise

where @ is modal displacement, asfis ANSYS® scaling factor, ND is the nodal diameter analyzed in the
current iteration, and nbd is the number of blades in the configuration. Given that TURBO outputs unsteady
pressures on cell face surfaces, modal displacements are distributed to cell areas via averaging. It is assumed
that each cell face will contain four corner nodes with information, so the corner nodes are averaged to
represent a modal displacement acting on each cell face. A representative forcing on the blade due to
aerodynamic loading and structural response (Ref. 6), referred to here as modal force, is calculated in Equation

4.
modal force =Z d? P (A leq ) 4)

where d is the blade length scaling parameter, P is the nondimensional blade surface unsteady pressure

time history, A is the CFD mesh cell area vector, and # is the modal displacement vector.

A modal force calculation is a scalar product of a force vector with selected eigenmodes that
represents by how much each vibration mode contributes to the response of the structure. As this problem
includes forced vibration with damping, the solution of the differential Equation (5)

mX + cx + kx = By sin ot (5)

where m is the mass of the oscillator, £ is the spring constant, x is the displacement of the oscillator from
its equilibrium position, P is the amplitude of the driving force, o is the angular frequency of the driving
force, and ¢ is time, leads to a response solution in Equation (6)
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where x is the response magnitude, Py is the magnitude of the modal force harmonic, ® is the forcing

Xo =

Q)

frequency, o, is the natural frequency, and  is the structural damping. Forcing frequency is calculated as
a function of rpm, natural frequency is defined as input from ANSYS®, and damping is specified as an
input. The modal force harmonic magnitude is calculated by converting the modal force time history into
harmonic components using a fast Fourier transform (FFT). The modal force magnitude selected depends
on the mode being analyzed. For example, if the mode 1 forced response information is of interest, the
harmonic selected from the FFT routine is the first harmonic component, which corresponds to the second
entry because the first entry is the average of the frequency domain. Once this calculation is completed,
the response is generated as a complex value. This response applied to the modal displacements and
stresses effectively converts forces from modal to physical. This step is crucial in determining physical
displacements and stresses that the structure undergoes in each operating condition. This directly
influences the determination of physical deformation the structure undergoes as well as determining
physical stress values for each mode that contribute to high cycle fatigue that can be generally shown in
generated Goodman diagrams.

Application and Verification to DTF R24 Geometry in BLI Inflow

The FRAAME code has been developed with the initial goal of performing forced response analysis
for the DTF R24 fan blade geometry operating in distorted BLI inflow. The code’s structure progresses
by handling, in order, unsteady pressures, modal displacements, and modal stresses. It is also written to
prioritize scalability. The code can, given proper reference conditions, perform forced response analysis
for a general fan blade geometry for any blade in the model, for any nodal diameter, for any single mode
or combination of modes. Depending on available information, intermediate visual verification steps are
automated as the code progresses. Figure 2 shows mode shapes and stress contours for 100 percent speed,
modes 1 through 3, and first nodal diameter to highlight code scalability in generating contours and using
information for further calculations.

This report summarizes efforts toward applying the code to the DTF R24 blade geometry for different
cases at varying conditions. Case 1 considers 85 percent speed, fourth engine order, mode 2 resonant
response. Case 2 considers 100 percent speed, first engine order, modes 1 through 3 nonresonant response
modal summation. Results of interest pertaining to the 85 percent speed resonant response case include
verification steps in calculating modal force, forced response amplitude, and blade tip displacement,
which is compared to the results of Reference 3. Results of interest pertaining to the 100 percent speed,
nonresonant response cases include a first engine order, mode 1 (IEOM1) Goodman diagram, which is
compared to the results of Reference 4. Case 3: Von Mises stress verification with four strain gages is
compared to experiment and the results of Reference 4, and a first engine order, modes 1 through 3
(1IEOM1-3) Goodman diagram to demonstrate code-scaling capabilities.
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Figure 2.—Mode shapes for modes 1 through 3 and Von Mises stress contour plots for 100 percent (design) speed.

Case 1: 85 Percent Speed, Fourth Engine Order,
Mode 2 (4EOM2) Resonant Response

A resonant response can occur if the aerodynamic loading produces an excitation with a frequency
close to a mode’s natural frequency of a fan blade. For this particular case, a resonant response condition,
shown as a crossing of a modal frequency with an engine order excitation frequency on a Campbell
diagram, is analyzed at the fourth engine order and second vibration mode at 85 percent rotational speed
(Ref. 3). This resonant response can occur as the forcing frequency from the BLI flow approaches the
blade’s mode 2 natural frequency. Due to this consideration, it is necessary that forced response analysis
be performed for this operating condition because it is likely that the fan will approach this speed during
operation. Although blade vibration will always occur in some capacity during operation, a resonant
response will correspond to one of the worst cases in fan operation. This implies that potentially
considerable forcing will affect each blade as the forcing frequency approaches the natural frequency of
each vibration mode. Post-analysis efforts can determine if these large forces will accelerate failure due to
high cycle fatigue and, in worse cases, sudden catastrophic failure of the structure. This case considers fan
operation at sea level, 85 percent rotational speed, and with a structural damping of 1 percent. As this case
is intended to isolate a single mode, single engine order, and single blade pressure time history, only one
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iteration of the previously defined main triple-nested master loop structure is required. Relevant CFD and
FEA information is imported and organized, FEA information is interpolated onto the CFD model, and a
modal force calculation is performed. At this stage, a frequency filtering routine calculates the forcing
frequency as a function of percent speed and mode. This calculated frequency is near the mode 2 natural
frequency but is not exactly equal. Because this condition is near a resonant peak, the calculated
frequency is discarded and reset to equal the blade natural frequency to represent the worst-case response
that the structure can undergo, which implies the largest possible dynamic response. It is also considered
that for future analyses, this worst-case condition is of interest, so a check is established in the code to
determine if the forcing frequency is within a small enough margin to be considered fully resonant where
the frequencies will be set equal. Once the frequencies are determined, the complex forced response
amplitude is calculated as a function of modal force, forcing frequency, natural frequency, and structural
damping. These parameters are applied, as a magnitude, to the blade tip section to calculate resonant
blade tip displacement, which corresponds to the tip probe location of an optical measurement system in
the wind tunnel test (Ref. 7). Figure 3 shows a chordwise blade tip displacement plot generated by
FRAAME of the physical displacements in mils.

The comparison points in the results of Reference 3 correspond to the blade leading-edge tip
displacement of 17.3 mils and a blade tip displacement of 16.2 mils approximately 0.125 in. downstream
from the leading edge. Calculations from the FRAAME code include approximate displacement values of
17 and 16 mils in the same locations. This step establishes confidence that the code routines are capable
of generating forced response analysis for an isolated mode and nodal diameter case and can be extended
to the inclusion of more modes and nodal diameters in a following case study.

18 - LE

Tip displacement,
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Figure 3.—4EOM2 blade tip displacement in mils.
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Case 2: 100 Percent Speed, First Engine Order,
Mode 1 (1IEOM1) Goodman Diagram

Transitioning between successive cases only requires modification of inputs in the main script as well
as compatible ANSYS®/TURBO results abiding by the established file naming scheme. For example, this
case considers structural damping of 0.03 percent. Essentially this case follows the same procedure of
calculating forced response amplitude with the inclusion of modal stresses. Modal stresses are provided as
normal stresses specified at surface nodes in the model. It is worth noting that a special consideration was
made with this case as the blade design included various materials for the blade itself (titanium alloy) and
disk sector (steel). It is assumed that this unstructured grid will include shared groups of nodes in which
modal stresses are averaged for the computation to proceed. The complex forced response amplitude and
cyclic symmetry factors are applied to the normal modal stresses and the Von Mises stresses at each
surface node are calculated in Equations (7) and (8).

\/(Gxx ~ Ow )2 + (ny — Oz )2 + (Gzz ~ Oxx )2 +6 (nyz + Gyz2 + zez) @)
2

csVMscaled,c:omplex =
where stress components on the right-hand side are scaled and complex,

Gscaled,complex = Ounscaled * an * X0 (8)

where asf'is the ANSYS® scaling factor given in Equation (2) and x, is the response amplitude given in
Equation (6).

Following logic similar to the modal stress extraction routine, the static-only mean stresses are
imported and averaged to produce the mean Von Mises stresses. It is worth noting that this particular case
includes a duplicate sector where mean stresses are repeated, so a small routine that checks for duplicate
information and keeps information from only one sector is included to allow the analysis to proceed.
Once the mean and alternating Von Mises stresses are calculated at the surface nodes in the model, a
Goodman diagram is generated to display the contribution of mode 1 to the dynamic response of the
structure. Figure 4 shows a first engine order excitation with only mode 1 contribution from Reference 4.

Figure 5 shows a similar Goodman plot including a first engine order excitation with only mode 1
contribution generated using similar input to the FRAAME tool.

Although Figure 4 and Figure 5 appear to have minor differences, they show a reasonable degree of
agreement, which implies that adequate forced response calculations will produce reasonably accurate
Goodman diagram comparisons. It is generally a best practice to consider various modal contributions to
the dynamic response of the structure, which is analyzed in this report via modal superposition. Typically,
lower modes are excited by lower frequencies, which are encountered more often during operation and
contribute more to the dynamic response of the structure than the higher modes. Expanding from a single-
mode Goodman diagram, a modal summation, shown in Figure 6, is considered in this report for
100 percent speed, first engine order, and modes 1 through 3 to demonstrate each modal contribution to
the dynamic response of the blade. It should be noted that for this version of the MATLAB®-based code,
plotting is done manually via the command line.

Figure 6 shows that the mode 1 contribution is the largest contributor to the structural loading for this
case.
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Figure 4.—Goodman diagram: 1EOM1 contribution from Reference 4.
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Figure 5.—Goodman diagram: 1EOM1 contribution from FRAAME tool.
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Case 3: Strain Gage Measurements Versus Prediction

An experimental method of acquiring useful data for structural analysis includes the application of
strain gages to test articles to record strains during operation. Strain data for this fan geometry was
acquired during a test in the 8- by 6-Foot Supersonic Wind Tunnel facility at NASA Glenn during the
BLI’DTF development project (Ref. 8). A preliminary step to acquiring experimental data includes
determining the optimal strain gage mounting locations on hardware to capture areas of high dynamic
strain during operation. A typical solution involves performing aeromechanics analysis to determine
modes and engine orders of interest where potential responses will be detected, as well as utilizing
optimization routines for physical positioning of gages. For this particular test, four strain gage locations
were determined and provided with physical locations and corresponding computational node numbers
for both cold and hot geometries, which correspond to undeformed/manufactured and
deformed/operational geometric shapes, respectively. Given that the gages occupy physical space and are
not necessarily included in all computational models, the accuracy of the gage location information is not
absolute. This final verification step for this code, while requiring information about gage locations, uses
basic logic and assumes a compatible physical location is available to match the computational model.
The purpose of this step is to generate a method of using the structural model for each mode and engine
order to perform forced response analysis and determine a geometric location in which calculated stresses
may be correlated to experimentally measured strains. This routine, embedded in the main loop of the
code, includes a basic searching function that, given either strain gage coordinate information or node
locations in the model, calculates the physical stress components and Von Mises stresses at each
identified location at which a gage is expected to exist.

The caveat with this procedure is that the availability of strain gage information is the most critical
step. For example, given various gage locations, the computational model may not necessarily share a
node close to the prescribed location on the blade. Experimental data is collected with the loaded hot
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geometry while the gage installation process occurs with the unloaded cold geometry. Computational
models can be generated for both hot and cold shapes with varying locations of nodes due to the
geometric deformation caused by loading. A potential resolution to this issue includes correlating hot and
cold geometries to account for model differences in simulation and experiment. It should be noted for this
effort that the hot and cold shape model differences are not considered, so effects of changing gage
locations, including gage orientation, are neglected. A manual input will allow the user to determine and
enter the information on both gage locations in Cartesian coordinates and gage node numbers in the
model, but only one will be used for analysis. This is to prevent one input from taking priority over the
other in the absence of complete information on gage location and node number. If a gage location is
specified, a routine in the code searches through various Cartesian coordinates to determine various node
numbers with values similar to the requested location within a small tolerance. Currently, these tolerances
can be modified to expand or limit nodes captured by the routine to provide options if more than one node
near the location of interest is requested. Too wide of a tolerance will produce many results and too
narrow of a tolerance will produce few to no results. Future iterations of the FRAAME code will explore
expanded logic to make this process more robust in searching for compatible node locations.

The current logic of searching through the model coordinates prioritizes them in this order: y, x, and z.
In other words, the y coordinates, which correspond to the spanwise location of a gage or the location
with the largest assumed variations in gage location due to blade design proportions, are searched for first.
Next, the x coordinates are searched, followed by the z coordinates. This candidate selection process
implies that the full model is searched for y coordinates, the filtered candidates are searched for x
coordinates, and the final filtered candidates are searched for z coordinates. Through trial and error, this
methodology produces a small batch of candidate nodes to be considered. In this case, exactly one
candidate node for each gage was returned by this selection routine. Once the node is selected, modal
stress information based on the node number in the model is extracted, scaled with forced response
results, and physical stress components and Von Mises stresses are calculated. This information
corresponds to the calculated stress at a location that should theoretically be correlated to the physical
location of a strain gage. It is assumed for this analysis that strain gage correlation with experiment and
FEA was performed in a previous study (Ref. 4). Another feature of this routine is a much simpler process
in which gage node numbers in the model are prescribed or known. If the node number is known, the
modal stress information is extracted directly from the corresponding model and physical stresses and
Von Mises stresses are calculated. This analysis uses both methods in the routine including analyzing
gage locations and node numbers. Validation for this case includes calculating complex stress
components for each gage at the first engine order for modes 1 through 3. These components are summed
to represent modal contributions and Von Mises stresses are calculated as a representation of the
measured strains, then stresses, at each gage through this operating regime. The results are compared to a
previous study in Reference 4 in which contributions of many modes, more than available for this
analysis, produce a numerically converged solution for forced response analysis to be compared to
experimental data shown in Figure 7.

Figure 8 shows a similar plot generated by FRAAME at the first data point of comparison for the first
three modes.

It should be noted that this effort only includes information requested for 100 percent speed, first
engine order, modes 1 through 3. The primary comparison point for Figure 7 and Figure 8 includes a
three-mode summation; further mode summations are unavailable. It should also be noted that the code
architecture, prioritizing scalability, is built to handle as much or as little information as is provided. In
theory, information included in the compared study (Ref. 4) can be included here as long as the
appropriate modal files are included in the working directory and proper nomenclature is maintained.
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Figure 7.—Modal summation convergence study for strain gages (SGs).
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Figure 8.—First three mode summation for strain gages (SGs) generated by FRAAME.

Concluding Remarks

This report describes the development and application of the research-level Forced Response
Aeromechanics Analysis in a MATLAB-Based Environment (FRAAME, Version 1) tool developed at
NASA Glenn Research Center that seeks to generate a streamlined forced response analysis framework
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with inputs from the TURBO computational fluid dynamics (CFD) code and finite element analysis
(FEA) solver ANSYS® (Ansys, Inc.). The FRAAME tool is written in a functional, modular form and
with minimal hard-coded inputs to be user friendly and versatile in its use and modification. It also
includes various plotting stages for information that can be considered useful, such as contour plots and
Goodman diagrams. The code’s looping structure allows including further information, such as blade
surface pressure for different blades in the annulus, more modes, and more engine orders, depending on
information availability. Once a generalized response amplitude is calculated for each engine order, the
code can perform a modal summation routine and generate a Goodman diagram to demonstrate each
mode’s contribution to the high cycle fatigue of the structure through various operating conditions. This
effort is supplemented by producing results that are validated with results from previous studies
pertaining to the R24 geometry with the same reference conditions and CFD/FEA results used here as
input. Unsteady aerodynamics results from TURBO and structural dynamics results from ANSYS®, both
generated for previous analyses referenced, are used to calculate forced response and high cycle fatigue.
This type of analysis may not only contribute to smarter designs of turbomachine structures but also
assists in tool validation when a compatible real-world experiment can be referenced.

The first version of the code is designed specifically to analyze the R24 geometry from the Boundary
Layer Ingesting Inlet/Distortion-Tolerant Fan project, but it includes various considerations to extend its
use to other proposed fan and compressor designs. Due to these considerations, minimal hard-coded
inputs are included to produce a mostly autonomous, generalized forced response and high cycle fatigue
analysis framework. Future improvements to FRAAME will include smarter logic for identifying strain
gage locations based on coordinates, porting of the code to a central location such as the NASA Advanced
Supercomputing system for large-scale analyses, improvements to areas such as plotting tools and
graphical user interfaces, investigation of the inclusion of various additional external CFD/FEA codes,
and implementing analysis capabilities for mistuned systems.
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