NASA/TM—2019-220060

‘Ll:%.‘f‘

%

A Design Methodology for Optimizing and Integrating
Composite Materials in Gear Structures

Joel P. Johnston
Universities Space Research Association, Cleveland, Ohio

Gary D. Roberts and Sandi G. Miller
Glenn Research Center, Cleveland, Ohio

September 2019



NASA STI Program . . . in Profile

Since its founding, NASA has been dedicated

to the advancement of aeronautics and space science.
The NASA Scientific and Technical Information (STI)
Program plays a key part in helping NASA maintain
this important role.

The NASA STI Program operates under the auspices
of the Agency Chief Information Officer. It collects,
organizes, provides for archiving, and disseminates
NASA’s STI. The NASA STI Program provides access
to the NASA Technical Report Server—Registered
(NTRS Reg) and NASA Technical Report Server—
Public (NTRS) thus providing one of the largest
collections of aeronautical and space science STl in
the world. Results are published in both non-NASA
channels and by NASA in the NASA STI Report
Series, which includes the following report types:

» TECHNICAL PUBLICATION. Reports of
completed research or a major significant phase
of research that present the results of NASA
programs and include extensive data or theoretical
analysis. Includes compilations of significant
scientific and technical data and information
deemed to be of continuing reference value.
NASA counter-part of peer-reviewed formal
professional papers, but has less stringent
limitations on manuscript length and extent of
graphic presentations.

TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or of
specialized interest, e.g., “quick-release” reports,
working papers, and bibliographies that contain
minimal annotation. Does not contain extensive
analysis.

¢ CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

 CONFERENCE PUBLICATION. Collected
papers from scientific and technical
conferences, symposia, seminars, or other
meetings sponsored or co-sponsored by NASA.

e SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions, often
concerned with subjects having substantial
public interest.

e TECHNICAL TRANSLATION. English-
language translations of foreign scientific and
technical material pertinent to NASA’s mission.

For more information about the NASA STI
program, see the following:

e Access the NASA STI program home page at
http://www.sti.nasa.gov

e E-mail your question to help@sti.nasa.gov

e Fax your question to the NASA STI
Information Desk at 757-864-6500

e Telephone the NASA STI Information Desk at
757-864-9658

e Write to:
NASA STI Program
Mail Stop 148
NASA Langley Research Center
Hampton, VA 23681-2199



NASA/TM—2019-220060

‘Ll:&.‘f‘

%

A Design Methodology for Optimizing and Integrating
Composite Materials in Gear Structures

Joel P. Johnston
Universities Space Research Association, Cleveland, Ohio

Gary D. Roberts and Sandi G. Miller
Glenn Research Center, Cleveland, Ohio

National Aeronautics and
Space Administration

Glenn Research Center
Cleveland, Ohio 44135

September 2019



Acknowledgments

The first author was supported by an appointment to the NASA Postdoctoral Program at the NASA Glenn Research Center,
administered by Universities Space Research Association under contract with NASA.

This report contains preliminary findings,
subject to revision as analysis proceeds.

This work was sponsored by the Advanced Air Vehicle Program
at the NASA Glenn Research Center

Trade names and trademarks are used in this report for identification
only. Their usage does not constitute an official endorsement,
either expressed or implied, by the National Aeronautics and

Space Administration.

Level of Review: This material has been technically reviewed by technical management.

Available from

NASA STI Program National Technical Information Service
Mail Stop 148 5285 Port Royal Road
NASA Langley Research Center Springfield, VA 22161
Hampton, VA 23681-2199 703-605-6000

This report is available in electronic form at http://www.sti.nasa.gov/ and http://ntrs.nasa.gov/



A Design Methodology for Optimizing and Integrating Composite
Materials in Gear Structures

Joel P. Johnston
Universities Space Research Association

Glenn Research Center
Cleveland, Ohio 44135

Gary D. Roberts and Sandi G. Miller
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Summary

The application of composite materials to gear structures is complex because of the gear shape, the
need for precise dimensional tolerances, and the complex dynamic load condition. Methods are presented
in this work to design and optimize an integrated composite hub-web structure that can be used as part of
a hybrid composite-steel gear. The composite hub-web structure is a planar structure with a large decrease
in thickness from the hub to the rim. Methods for design and optimization of this variable-thickness
structure are presented along with a method for forming braided prepreg material to conform to the shape
of this structure. A layered approach is presented that integrates cut plies or filler materials for thickness
buildup with continuous-fiber layers for the primary load path. An additional gear design concept is
presented that has an axially extended continuous-fiber composite structure that can be combined with the
planar structure. A proposed optimization methodology is introduced where an optimized design is output
for each type of optimization simulation. Through this process, composite knowledge can be incorporated
in the optimization, and more control is given over the design during the process. The methods in this
study provide a tool for designing and optimizing composite structures for gears and other high-power-
density applications.

Introduction

Previous work has described hybrid gears in which composite material replaces the web section of a
steel gear in order to provide lower weight (Refs. 1 to 6). Earlier work (Refs. 1 to 5) used a composite
web section of constant thickness with mechanical interlocking between the composite web and the steel
hub and rim sections. More recent work (Ref. 6) has used small thickness variations to provide greater
thickness of the composite web in the region near the hub in order to account for stress concentration at
smaller radii. In this report, a much larger increase in thickness is considered in order to replace the steel
hub section of the gear with composite material. Fabrication of a structure with large thickness variation
by the stacking of flat unidirectional ply layers introduces potential weak spots at ply terminations and
potential defects such as wrinkling. This work considers the use of formable continuous-fiber layers to
provide strength for the primary load path with cut plies or other formable material between the
continuous-fiber layers to provide thickness buildup. Optimization simulations were performed to help
the design process, and forming trials of a triaxial braided prepreg were completed to determine feasibility
of fabricating the complex shapes needed for the continuous-fiber composite layers. The use of biaxial
braided continuous-fiber layers in more complex gear structures having an extended axial gear body is
also considered.
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Design and Optimization of Composite Gear Web

The composite structure to be designed and optimized is an integrated hub-web structure in the shape
of an annular ring having opening in the center hub location and a large decrease in thickness radially
from the hub to the rim. For simplicity, this structure will be referred to as a “composite web” in the
remainder of this paper. The design approach for fabricating the composite web is to use a formable
continuous-fiber composite material in discrete layers separated by filler materials. A (0/+60/-60) triaxial
braid architecture is used for the continuous-fiber composite material because of the quasi-isotropic
stiffness. A prepreg form of the triaxial braid is used to provide precise fiber location and to provide the
potential for forming of plies into the shapes needed for the continuous composite layers. Figure 1 shows
one ply of the triaxially braided material where the fiber tows in the 0°, +60°, and —60° directions are
illustrated. Each individual fiber within the layer provides a continuous load path that terminates on either
the inside or outside diameter of the annular ring with no fiber terminations internal to the structure.

An initial design for a hybrid gear using the composite web and steel rim is shown in Figure 2. The
sectioned view presented in Figure 2 indicates the three components of the composite web, which are the
continuous composite layers, the cut filler composite layers, and the flat composite base. Dimensions are
13.37 in. (33.96 cm) in diameter and 2.675 in. (6.794 cm) thick at the center. The six continuous
composite layers each consist of three formed plies that provide a direct load transfer path between the
input shaft and the gear rim. Each continuous composite ply has a flat ring region at the outer radius for
the bolted connection between the web and rim and a flat region at the center bore. The cut filler layers
provide the large thickness buildup in the structure, but do not extend into the bolted connection. The
outer filler layers each have 25 composite plies, whereas the inner filler layers each have 22 composite
plies. The thickness buildup near the bore provides more material for the higher stresses at smaller radii
and also provides a large through-thickness surface area for the shaft connection, which prevents
compression failure. The design in Figure 2 shows a polygon geometry for connecting to a shaft, although
alternative approaches could be considered.

Tow direction
[
. +60°
. -60°

Figure 1.—Single layer of triaxial braid fiber preform in annular ring.
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(a) (b)
Figure 2.—Planar composite gear concept. (a) Model. (b) Sectioned view showing inner layout of composite plies.

Model and Optimization Simulations

A model of the hybrid gear design having a steel rim attached to the composite web was developed
using HyperWorks™ (Altair Engineering, Inc.) (Figure 3). The model includes both the web and rim to
accurately simulate the distribution of the loading associated with meshing of the gear teeth and the
interactions between the web and the rim. A T700/TC275 (Toray Industries, Inc.) triaxially braided
carbon fiber/epoxy composite material was used for the composite web, and steel was used for the gear
rim. The composite web is defined as an orthotropic bulk volume, using the HyperWorks™ MAT9ORT
solid element formulation, rather than individual plies in order to optimize the overall shape of the web.
The gear rim is simplified by removing the teeth from the outer surface to reduce the size of the model
and the computational expense of the simulations. The model is capable of reproducing the forces induced
in the gear box of the Helical Gear Facility at the NASA Glenn Research Center, which are 7,050 1bf
(31,360 N) in the tangential direction (torque), 2,650 1bf (11,788 N) in the radial direction (gear separation),
and 1,500 lbf (6,672 N) in the axial direction (thrust). However, a 1.5 multiplier is used for the loading
conditions in the model to ensure durability of the design. Currently, the model uses loading conditions
that replicate a single helical gear configuration to optimize the more severe application of the bull gear,
but the loading can be easily altered to simulate a double helical gear configuration. The loading is
applied to a single, vertical line of nodes on the outer surface of the gear rim, and a fixed constraint is
applied to the inner surface of the polygon bore. In order to simulate the bolted connection between the
two parts of the gear, a bolted connector function is used within the software that applies a system of
rigid-body elements in each bolt hole to hold the two parts together. The present bolted connection does
not account for pressure induced by the tightening of the bolts, but future models will take this into
consideration. In addition to the bolted connection, three contacts are defined on each surface between the
gear rim and the web to incorporate any interactions that occur because of radial compression or bending
moments.
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Figure 3.—Model of hybrid gear with all-composite web.

The model in Figure 3 shows the appropriate connections, contacts, and conditions to simulate the
hybrid bull gear for a static representation of the load. However, the actual loading is dynamic where the
line of nodal forces would be constantly moving around the circumference of the gear because of the
rotating gear mesh. Since the bull gear is not axisymmetric, because of the geometry of the polygon
attachment feature, three individual simulation cases were created by applying the gear forces at different
locations around the gear rim to observe the effect on the response of the gear. The case presented by the
model in Figure 3, also shown in Figure 4(a), is referred to as the “0° loading condition,” and the loading
conditions in the two other cases were rotated with respect to the 0° orientation. These modeling cases,
and the respective von Mises stress contours, are presented in Figure 4, where the maximum stress is
approximately 90 percent higher in the hybrid gear web case loaded at a 60° orientation. Shape-change
results (Figure 5) from subsequent optimization simulations of the 60° loading case demonstrate that
changes could be made to optimize the design for this particular loading case. However, the combination
of results from each optimization simulation case was considered, since an optimized gear will experience
loading at each of these orientations. The end result from these shape optimizations was an optimized
design that was used to create a solid model for subsequent simulations and to define the ply geometry.
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von Mises stress,
psi MPa
2.500%104 172
2.222x104] 153
1.944x104_] 134
1.667x104 115
1389x104 | 96
1.111x104 77
8.333x103 57
5.556x103 38
2.778x103 19
0
No result

()

Figure 4.—Model of hybrid gear with all-composite web at various loading conditions, indicating location and
orientation of each individual load state (left), and corresponding von Mises stress contour (right).
(a) 0°. (b) 30°. (c) 60°.
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Resultant displacement,
in. mm
3.000x10-2 0.76
2.667x10-2 0.68
2.333x10-2 0.59
2.000x10-2 0.51
1.667x10-2 0.42
1.3333%x10-2 0.34
1.000x10-2 0.25
6.667x10-3 0.17
3.333x10-3 0.08

0
No result =

Figure 5.—Shape-change contours and optimized geometries of cross sections from
simulation of hybrid gear with all-composite web. (a) Initial design. (b) 0° load condition.
(c) 60° load condition.
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Forming Trials

As previously mentioned, the forming of certain plies before the manufacture of the composite web is
a key aspect in defining material and load continuity for high power transfer. Therefore, the formability of
the composite prepreg is crucial to the production of these designs. Initial laboratory experiments were
performed using T700/TC275 triaxial braid prepreg plies to determine the material’s formability. Forming
tools were fabricated by three-dimensional (3D) printing, using a high-performance polyphenylsulfone
(PPSF) material. Solid models of the tools are shown in Figure 6. The tools were designed for forming the
composite prepreg layers to the same diameter and thickness change as that of the aforementioned
composite web design. Holes were added to the corners of each tool design for alignment of the two tools.
A heat gun was used to apply temperature to the composite prepreg while it was hand pressed to the inner
surface of one of the forming tools. The second forming tool was pressed with the prepreg layer and the
first forming tool to obtain the resulting images in Figure 7. The results show that wrinkling and damage
of the ply were avoided during forming.

(@)

(a) (b)
Figure 7.—Forming results of three circular T700/TC275 triaxial braid prepreg plies. (a) Convex surface.
(b) Concave surface.
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Design of Extended Composite Gear Structure

Another potential application for composite integration in gear structures is an extended axisymmetric
structure that can be combined with the planar composite web described above. Figure 8 shows an
example of this type of assembly where the composite web interfaces with the gear rim at the top of the
figure and the extended composite section connecting to a bearing race at the bottom. The section view of
this assembly in Figure 8(b) shows that the composite web and extended composite section in this design
both connect using the same bolt holes. One approach to fabricating the extended composite section is to
use a biaxial braid architecture that allows for variation of diameter and braid angle along the axial
direction of the part. The extended composite part is similar to the planar composite web section in that
there is fiber continuity from the top of the extended composite section to the bottom (Figure 9) without
any internal fiber cuts. The example shown in Figure 8 provides one configuration for an extended gear
structure, and many other gear and gear-shaft configurations could be designed.

(a) (b)
Figure 8.—Hybrid gear with extended composite section. (a) Structure overview. (b) Section view showing
internal features.

Figure 9.—Load continuity of biaxial braid tow
in extended composite section of hybrid gear.
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A modeling methodology was developed to incorporate the variability in braid angle and wall
thickness. As shown in Figure 10, these changes can be applied by discretizing the model into multiple
ring sections. Each section has a different thickness as well as a distinct set of material properties, which
are related to the braid angle in the section defined by the curve in Figure 11. The current model was
made in LS-DYNA® (Livermore Software Technology Corporation) and is composed of 17 discrete ring
sections; initial structural simulation of this model was performed under static torsional loading. The
boundary and loading conditions for the simulation are presented in Figure 10. Several variants of the
flared composite tube model geometry have been simulated and compared including models with constant
thickness. Figure 12 shows the shear stress-strain plots from the different static torsion simulations where
the simulation was run until an instability occurred, which is possibly due to geometric buckling or
numerical instability of the analysis. The results demonstrate the effect that variable thickness and braid
angle have on the response where changing the wall thickness of the model shifted the instability point
along the curve. The introduction of thickness and braid-angle variability caused a decrease in the
stiffness of the overall part. The shear stress pattern at the instability point is displayed in the contours of
Figure 13 for a model with a constant thickness of 0.095 in. (0.241 cm).

Fixed 5in.
boundary (127 mm)
conditions

L..

Rotational
velocity
about z

(@ (b)

Figure 10.—Boundary and loading conditions for composite flared-tube model. (a) Conditions. (b) Discretized model.
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Figure 11.—Biaxial braid angle change for extended composite section of hybrid gear.
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Figure 12.—Shear stress-strain plots from static torsion simulations of different extended composite section models.
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Shear stress,
psi MPa
4.000x104 276
3.775%104 260

3.325x104

3.100%104
2.875x104 198
2.650%104 183
2.425x104 167
2.200%x104 152
1.975x104 | 136
1.750x104 121
1.525x104 105

1.300x104 920
1.075%104 74
8.500x103 59
6.250x103 43
4.000x10% | 28
1.750%103 12
-5.000%102 -3
-2.750%103 -19
-5.000%103 -34

(a) (b) (c)

Figure 13.—Shear stress contours from extended composite section model with 0.095-in. wall thickness.
(a) Extracted immediately before instability point. (b) Extracted immediately after instability point.
(c) Prolonged time after instability point.

Proposed Optimization Methodology

An optimization methodology is proposed for designing gear structures with composite materials. The
intent is to develop a generalized optimization methodology that is capable of designing composite gear
structures for different applications, spanning from traditional rotorcraft systems to the emerging urban air
mobility market. The challenge in developing the methodology for gear structures is that performing
optimization simulations for a dynamic system can be difficult and computationally expensive. In order to
overcome this complexity, the methodology reduces the dynamic problem into multiple static
optimization problems that account for rotational asymmetry in the geometry, material, and loading
conditions. Although the reduced set of simulations are not able to address dynamic fatigue loads directly,
the goal of the static optimization is to minimize strain and stress variables to mitigate damage precursors
associated with fatigue. Additional challenges in the methodology consist of changing material coordinate
systems associated with composite ply forming and accounting for the composite architecture of weaves
and braids.

The steps of the methodology is detailed in Figure 14, where the composite web design from
the previous sections is used as an illustrative example, and it addresses the various challenges by
performing different types of optimization at each step. The output for each step is multiple designs of the
composite gear structure that can be used as input design for the subsequent step. The complexity of the
model increases for each subsequent step to enable computational efficiency while improving reliability
of the design. The breakdown of the methodology into steps allows the user to review the designs at each
step to determine feasibility and insert composite knowledge that may not be taken into account. The free-
shape optimization takes an initial, arbitrary design of the gear structure and applies orthotropic
composite properties to a 3D element mesh of the hybrid gear structure. The hybrid gear structure is
represented as a bulk volume model in this step (i.e., without explicit ply definition). The objective for
this optimization is to minimize stress or strain in the part while constraining or preserving key geometric
aspects of the design, such as the connecting shaft interface or the bolt-hole dimensions. In the section

NASA/TM—2019-220060 11
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Figure 14.—Optimization methodology flowchart for composite gear structures.

“Design and Optimization of Composite Gear Web,” some initial optimization results were presented for
the free-shape optimization of the bulk composite volume of the web. The following topology
optimization step utilizes the geometry of the free-shape optimization results and minimizes the weight or
volume of the hybrid gear structure. Constraints are placed on the stress to ensure that the minimization of
stress from the previous optimization simulation is preserved. The results from this optimization provide a
loading map of the gear structure cross section where the continuous-fiber layers of composite material
are required. Additional or thicker layers can be added for greater strength and stiffness, and lower
density filler layers can be added to volumetric regions where load-bearing material is not needed. If the
filler layers are defined using different materials from the continuous-fiber composite layers, another free-
shape optimization step is performed to minimize stress or strain in the filler regions. The last step is an
optimization of the laminate sequence for the different layers, and the output is the final optimized design
with ply shapes.

Concluding Remarks

Methods for modeling and optimization of a composite hub-web structure in a hybrid composite-steel
gear were demonstrated. The composite hub-web structure is designed with continuous-fiber layers as the
primary load path and filler materials between the continuous-fiber layers for thickness buildup. An
optimization methodology was proposed that creates load continuity using continuous-fiber composite
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material layers and allows the user to integrate composite knowledge at various steps of the process.
Initial free-shape optimization simulations of a planar composite gear web demonstrated that the
rotational symmetry of the part is important and needs to be considered when designing gear structures
with composites. The feasibility of forming triaxial braid composite prepreg to the complex shapes
required for the continuous-fiber layers was demonstrated in forming experiments. The methods in this
study provide a tool for designing and optimizing composite structures for gears and other high-power-
density applications.
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