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PREFACE

This report covers the work accomplished during the 23-month
period from July 1975 through May 1977.

The work outlined herein has been performed under U.S. Army
Contract DAAJ02-75-C-0053 and under the technical cognizance
of Mr. Gim Shek Ng, Applied Technology Laboratory, U.S. Army
Research and Technology Laboratories (AVRADCOM), Fort Eustis,
Virginia.

This program was conducted at the Boeing Vertol Company

under the technical direction of Mr. A, J. Lemanski (Program
Manager), Chief of the Advanced Power Train Technology Depart-
ment. Principal Investigators for the program were Mr. John J.
Sciarra (Project Engineer) and Mr. Robert W. Howells.
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INTRODUCTION

The design of a helicopter drive system presents a difficult
challenge. The continually escalating requirement for improved
power-to-weight ratio capability is further complicated by the
additional demands for extended service life, improved relia-
bility/maintainability, better survivability/vulnerability and
reduced vibration/noise levels. Faced with such an array of
design constraints, the helicopter drive system design team
must consistently push technology beyond the state of the art.

In addition to these technoldgical advancements, a major goal
for helicopter improvement is to reduce operating cost. Since
30 percent of the total helicopter direct maintenance cost

is associated with the drive system, drive system cost is a
significant part of the total operating cost (Figure 1).
Service life duration of the major transmission components is u
prime contributor to the operating cost. The most effective
way to reduce the drive system cost is to extend the average
service life of major transmission components (gears, bearings,
splines, retention hardware, interface connections and joints,
and lubrication system components). Increased life will reduce
spares procurement, maintenance requirements, depot facilities,
and labor.

Considerable research has been devoted to investigating and
improving individual transmission components such as gears,
bearings, and lubrication systems. Conversely, helicopter
transmission housings had not previously received the attention
necessary to define fully and optimize their functional require-
ments, and a gap in transmission technology existed in this
area. Complex structures such as rotor transmission housings
used in current helicopters are not generally designed for
stiffness characteristics, however they have high strength mar-
gins for safe life and seldom exhibit gross structural failures.
However, since the housing provides structural support to the
internal components, its physical characteristics significantly
affect overall transmission performance and life in terms of
internal bearing capacity, gear capacity, fretting, misalign-
ments, and load maldistributions. Therefore, the full benefits
of advancements achieved in component technology cannot be
realized in practice until the housing has been optimized.

A major constraint in meeting cost improvement goals is the
deflections of the present housings under operating load
conditions. Housing deflections under load have been
identified as a cause of accelerated wear and surface deteri-
oration of gears, bearings, splines, retention hardware, and
interface connections and joints. In addition, these
deflections result in excessive gear misalignment which
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greatly increases the dynamic force (excitation) at the gear
meshes, resulting in vibration and noise generation. Reduction
in the magnitude of these housing deflections by structural
optimization and/or advanced materials offers great promise

for both prolonging the life of the transmission components

and substantially reducing the vibration and noise level
without a system weight penalty.

To continue to improve transmission analysis capability, a
detailed understanding of the structural and thermal aspects
of the transmission housing must be developed and integrated
with the existing component analyses. This effort for further
research in the stress and dynamic characteristics of a heli-
copter transmission housing uses the finite element technique.
The effects of thermal growth, structural deformation and
operational housing life can be accurately studied. Along
with structural design, fabrication and/or modification, and
testing, this program also attempts to analyze the housing for
fail-safe/safe-life design.

REMAINING SYSTEMS 13%

DRIVESYSTEM 30%

AIRFRAME 13%

ROTOR SYSTEM 11%
POWER PLANT 28%

FLIGHT CONTROLS 5%

Figure 1. Breakdown of Direct Maintenance Costs
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BACKGROUND

To provide an understanding of the configuration, functional
requirements, and design criteria for a helicopter transmission,
a brief description is included here. A typical contemporary
helicopter main transmission housing is composed of three major
parts with essentially separate functions: the upper cover,
the ring gear, and the case. An example of this configuration,
the CH-47C forward rotor transmission is shown in Figure 2.

The upper cover supports the rotor shaft and provides lugs for
mounting the transmissiocn to the airframe. Hence, the rotor
system loads are transmitted through the upper cover into the
airframe. The case contains and supports the main bevel gears
and may also include a tail rotor or sync shaft drive, lube
pump, or accessory drives. The transmission may also have a
separate sump for containment of the lubricant, as does the
CH-47C, or it may use an integrally closed lower portion of the
case for this purpose. The stationary ring gear, which con-
nects the upper cover and case, contains the planetary gear
system. The entire housing also performs the functions of
sealing in the lubricant, providing passages for lubricant
delivery, protecting critical transmission components, and
dissipating heat by conduction and radiation. Figure 3 shows
the transmission case in detail, since much of the work herein
is concentrated on analysis of the case.

The upper-cover design criteria, in order of importance,
include ultimate, fatigue, and crash load conditions. The
gear case design criteria include stiffness for gear mounting
and fatigue loads in certain areas. The ring gear must
provide adequate strength to react the planetary gear loads
and to support the case and must provide sufficient stiffness
to maintain planet/ring gear tooth alignment. The requirement
for oil containment exists for all of the housing parts.

Because of the complex geometry and the many functions that the
typical housing must perform, transmission housings have tradi-
tionally defied analysis. Due to the lack of analytical
methods for predicting and optimizing its many functional load
paths, transmission housings have evolved as generally thick-
walled cast or forged structures made of aluminum or magnesium.
With the increasing power, size and weight of helicopter
transmissions, the resulting over-design produces undetermined,
but probably substantial, weight penalties. Figure 4,

which presents a weight breakdown for a typical helicopter
transmission, shows that the housing weight is 24% of the

total transmission weight. It is recognized that minimum

wall thickness in nonstructural areas is limited by the

casting process. Nevertheless improvements in weight can be
realized in the thicker structural support regions.
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Figure 2. CH-47C Forward Rotor Transmission
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Figure 3. Continued — b. Right Side View

15




Figure 3. Continued — d. Aft View
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Figure 3. Continued — f. Bottom View
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100 r

24%
d———————— CASES AND HOUSINGS

!

1% BEARINGS
5%

12%

SEALS, SPACERS, RETAINERS, MISC.
[4¢————— GEARS

T

10% j¢——————— PLANET GEAR ASSEMBLY

H
o
|

9% [e—————— SHAFTING
(INTERNAL AND ROTOR SHAFT)

ACCESSORY DRIVES

PERCENT OF TOTAL YUH-61A
MAIN TRANSMISSION WEIGHT

-T

1% _p4——————— GEAR BOX SUPPORTS
F4———— LUBE SYSTEM

YUH-61A
Figure 4. Example of Main Transmission Weight Breakdown

Considerably more significant application of such a structural
load path analysis can be made to advanced transmission concepts

employing fabricated housings, composite materials, and other
advanced concepts, which will permit greater design flexibility.
For example, major load paths could be selectively reinforced
while the thickness of non-load carrying regions of the housing
wall could be reduced to the minimum necessary for containment
of the lubricant.

A basic requirement of a helicopter transmission is dimensional
stability of each gear-mesh, which implies dimensional
stability of the housing and bearing mounting locations.
Because of the influence of the housing stiffness on the
transmission internal components, it must be optimized during
the development of an advanced technology transmission system.
Also, initial knowledge of the dynamic stability of the

system must be obtained to avoid resonances and the accompany-
ing vibration/noise.

Analytical evaluation of the load-carrying capacity of bevel
gears involves assumptions regarding the nature of the tooth
bearing for the specific gear mountings under load. A uniform
stress distribution across the tooth and rigid mounting is
typically assumed. Unless these assumptions are accurate,
actual stresses may vary considerably from the calculated
values, resulting in a possible life reduction. During manu-
facture of bevel gears, the desired tooth contact pattern is
established from observation of the pattern obtained under
light load in a gear tooth pattern checker. It is possible
to vary the length, width, and position of a tooth bearing

by selection of grinding wheel diameters and grinding machine
settings. This procedure is known as developing the tooth
bearing contact pattern.
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With gear mountings that are rigid, the behavior of the tooth
bearing under load is usually more predictable, and thereby
can be developed using previous experience. However, in the
case of aircraft applications, the mounting designs are
markedly different in that rigidity is sacrificed in favor of
weight reduction. Therefore, it is seldom possible to
accurately predict, during the design stage, the size and
position of the tooth contact pattern required at no load in
order to obtain the desired bearing pattern in the final gear
mountings. A study of the mounting design and operating
conditions together with a judgement based on experience must
be utilized to establish the initial tooth bearing. From
this point, the development of the final tooth bearing is
accomplished by actual trial of the gears in their final
mountings.

Predicted improvements in the load capacity for gears and
bearings may be offset in practice by poor load distribution
resulting from misalignment caused by the deflection of mounting
surfaces within the housing (Figure 5). The detrimental

effects of misalignment on gear teeth is documented by the AGMA
(Reference 1). Gear tooth bending and surface contact stresses
are proportional to load distribution factors (Km, Cm). These
factors evaluate the effects of nonuniform load distribution.

80 PEAKED STRESS
DISTRIBUTION
DUE TO LOAD

70 THEORETICAL CONCENTRATION

UNIFORM STRESS
60 |~ DISTRIBUTION

50 [
R e e

STRESS — KSI 40}
}_

30
20—

\

\
|
\
|

10

l
I
I
I
.’

0
N
CONTACT

1 PATTERN
Y
\JQL\//"jn
THIN BEVEL GEARS
RIM

Figure 5. Measured and Theoretical Stresses in Thin Rimmed Bevel Gears

l. American Gear Manufacturers Association Standard 210.02.
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They are dependent upon several factors including gear mesh
misalignment due to housing distortion caused by loads and

thermal variations (Figures 6 and 7). The effect of
different rates of misalignment is shown in Figure 8. F
represents the face width having 100-percent contact for™a
given tangential load and misalignment error. Uneven load

distribution caused by significant shaft misalignment will
result in tooth pitting and scuffing failures. Gear mesh
misalignment is also important from the aspect of vibration/
noise generation (Figure 9, Reference 2).

Shifting of the gear tooth contact pattern may also be caused
by differential thermal growth. When two bevel gears are
properly mounted, and given that the gears have been properly
manufactured and the bearing/gear positioning shim stack
"heights" are properly assembled, the cone centers are coin-
cident (at room temperature). Since the gears and bearings
are made of steel and the housing and bearing cartridges are
made of magnesium, differential thermal expansion (thermal
coefficient of mag approximately twice that of steel) would
cause the relative positions of the bevel pinion and gear to
change. The cone centers would not be coincident at operating
temperature and the tooth pattern and stress distribution
across the tooth would change.

Housing deflection also has detrimental effects on the per-
formance of the shaft seals. The operational effectiveness
and life of a helicopter transmission seal is dependent upon
a number of interdependent factors such as rubbing velocity,
pressure, temperature, dimensional and finish conditions of
the shaft surface, nature of the sealed medium, housing
deflections, and shaft deflections. All of these factors
become proportionally critical in high speed applications.
"Leakers" pose hazards including fire, personnel injury due

to slippery surfaces, and objectionable appearance. Severe seal
leaks can result in depletion of the oil supply. Studies of
advanced helicopter transmission concepts indicate that shaft
speeds will be increased and time between overhauls for trans-
missions will be extended. These requirements will have a di-
rect effect on shaft seal design by imposing more stringent
performance requirements and extended useful life. Reduction
of deflections and vibrations will help achieve this goal.

Experience to date has been associated with reduced bearing
lives due to varying system stiffness. Present bearing life
equations assume that the bearing is rigidly supported,

operates under no misalignment, and operates under a constant
and uniform load. 1In helicopter applications, these assumptions
are not true and therefore calculated lives are not precise.

2. George C., GEAR NOISE SOURCES AND CONTROLS, Detroit Diesel
Allison, Division of General Motors Corporation.
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Early bearing failures have resulted from shaft misalignment
(edge loading) and nonuniform housing support (local hard
spots). Present methods of bearing analysis, which include
complex computer programs, have very limited capabilities of
evaluating the effect of structural shapes and flexibility on
bearing life. An example of this type of problem has been ex-
perienced during the testing of a large swashplate bearing
(Reference 3). This bearing was sized by the best available
computer programs and modified in an attempt to account for
structure deflection. After 239 hours of testing, two bearings
failed due to distress caused by the ball riding over the edge
of the inner and outer races. Investigation of the failure
revealed that relatively large structure deflection (0.016 inch
ring separation) resulted in high local loading and excessive
race depth requirements. The severe effect of misalignment on
bearing life is further shown in Figure 10.

In order to reduce this type of failure, special consider-
ation must be given to the uniform, rigid support of critical
components. Reduced shaft and housing deflection will result
in better performance and life of gears, bearings, and seals.
Therefore, analytical methods must be developed which will
permit evaluation of important design parameters, allow trade-
studies, and provide guidance to designers. The specific
topics being investigated under this program and the areas of
anticipated benefit are summarized in Table 1.

1.6 1.6

|
|
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\\\ N, |
12 Py 12 P
N\ \ \
‘\
w 1.0 ; 1.0
o= | o]
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& \\ o
& 06 < 0.6
0.4 \\\\\ 0.4 \ \\\
| — \\;
0.2 ‘ / 0.2 }
SERIZS B BEARING p— 05xC(90) LOAD \\
0 | ]
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TANGENT OF MISALIGNMENT ANGLE TANGENT OF MISALIGNMENT ANGLE
Figure 10. Effect of Misalignment on Service Life (REFERENCE 4)

3 Lenski, J. W., HLH SWASHPLATE FAILURE ANALYSES, Boeing
Vertol Inter~-Office Memorandum 8-7462-1-40, dated 10 July
1974.

4. Leibensperger, R. L., WHEN SELECTING A BEARING LOOK BEYOND
CATALOG RATINGS, Machine Design, April 1975, Pages 142-147
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ANALYTICAL/COMPUTER METHODOLOGY

For the work conducted under this contract, the finite
element technique using the NASTRAN computer program was
selected for structurally analyzing the housing stresses,
dynamic response, deflections, and thermal effects, as well
as strength, weight, and fail-safe/safe life.

The development of this approach results in an advanced

tool for analyzing a transmission housing through the use

of finite element techniques. Since NASTRAN is used, the
results indicate the feasibility of using NASTRAN as a
versatile transmissions design tool, specifically in the areas
of

1. Thermal distortions, cooling requirements.
2. Stress Analysis
A. Maneuver Loads

B. Crashworthiness simulation using inertia relief
capability of NASTRAN (Rigid Format 2).

3. Dynamic analysis due to n per rev hub excitations.

4. Weight reduction through optimization schemes such as
strain energy distribution or fully stressed design
analysis.

5. Design of conceptual transmissions.

6. Reduction of bearing misalignment by developing a
stiffer case and evaluating geometry and slope changes.
Reduction of load maldistribution across gear teeth
and improved gear life by similar means.

7. Consideration of fail-safe,/zafe life, survivability and
vulnerability by, for example, simulating a crack in the
model.

8. Assess radar cross-section by evaluating scale plots of
the transmission drawn at any specified orientation.

9. Effects of nonlinear behavior of bearings.

The contractor has utilized pre- and post-processor
computer programs compatible with NASTRAN to improve its
utility. Examples of such programs are SAIL II (an input
data generator) and S-83 (strain energy analysis).
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The automatic generation of grid point coordinates,

element connectivity, etc., is essential for complex
models. Boeing has developed a sophisticated finite
element input capability for use with NASTRAN entitled

SAIL II (Structural Analysis Input Language). This
preprocessor allows the user to take advantage of any
pattern that occurs in the data by making available
straight-forward techniques for describing algorithms to
generate blocks of data. Grid points and element connec-
tions may be generated. This program, although proprietary
to the contractor, has been utilized, and is available for
purchase by industry. An alternative for nodal generation
and/or connectivity would be user generated WATFOR computer
programs which would punch-out the NASTRAN input bulk data
cards. Although the contractor has used SAIL II and feels
that this program is more versatile, other users of NASTRAN
can conduct the same work by alternate methods. The Boeing
Vertol SAIL II computer program will be compatible for use
with NASTRAN Level 16.

For ease of identification a complex model is typically
subdivided into several regions and the grid points in

each region are labeled with a specific, but arbitrary, series
of numbers. Although these grid point numbers act only as
labels, they effect the bandwidth of the stiffness and

mass matrices. In order to minimize the matrix bandwidth

for most efficient running of NASTRAN, the BANDIT computer
program (Reference 5) can be used to automatically renumber
and assign internal sequence numbers to the grid points.

The output from BANDIT is a set of SEQGP cards that are

then included in the NASTRAN bulk data deck, and which relate
the original external grid numbers to the internal numbers.
numbers.

After reviewing many of the structural optimization methods
in existence (see Appendix A), strain energy and stress-
ratio resizing techniques were employed. For applications
such as helicopters where weight is critical, it is more
appropriate to evaluate the strain density (strain
energy/volume) distribution within a structure which
provides guidance for structural optimization. A strain
density analysis for dynamics applications has been

5. Everstine, G., BANDIT - A COMPUTER PROGRAM TO RENUMBER
NASTRAN GRID POINTS FOR REDUCED BANDWIDTH, Naval Ship
Research and Development Center Technical Note AML-6-70,
February 1970.
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developed by Boeing Vertol under ARO Contract DAHC04-71-
C-0048 (Reference 6). Expanding upon this work, a post-
processor program (S-83) compatible with NASTRAN has been
developed for analysis of the strain density distribution
throughout a structure for dynamics application and is based
on the concept that for a given load condition, a uniform
strain density under distortion yields a maximum stiffness/
minimum weight structure. This program uses stress data
output by NASTRAN, calculates the strain density of each
element, and tabulates these from highest to lowest. By
employing the ALTER feature of NASTRAN, a checkpoint tape
containing the stresses for each element is generated. The
post-processor program uses the data stored on the check-
point tape to calculate the strain density of NASTRAN plate
elements and tabulates the elements in descending order of
strain densities. The structural elements with the highest
strain density are the best candidates for effective
optimization since a minimal weight change will yield a
maximum benefit. By locally altering the housing wall to
change the mass and stiffness in these areas of high strain
density, the structure can be optimized. This strain
density distribution concept can also be utilized static-
ally to identify structural load paths and to evaluate the
efficiency of the housing structural design (stiffness/
weight). The S-83 strain density computer program can be
used for both static and dynamic analyses (including
thermal effects). Under modal distortion for a given
natural frequency, a uniform strain density yields a
maximum lowest eigenvalue/minimum weight structure. The
computer model, pre- and post-processor programs, and all
computer data and format are compatible with NASTRAN
(commercial or Schwendler version). The capabilities of
NASTRAN for automated plotting and analysis of composite
materials are also utilized.

In order to be able to realistically determine thermal
distortions/stresses for a new or conceptual transmission
case, it is necessary to calculate the output of the
heat sources which are the gear meshes and bearings.
Since this capability does not exist in NASTRAN, the
results of the existing Boeing Vertol computer program, which
have been extensively used and thoroughly validated for
the analysis of bearings (S04) and gears (R20 bevel, R23
spur and helical), were applied to calculate power
dissipation and the resultant heat generation. Using
these results as the driving potential for the thermal
analysis, NASTRAN was then run for a steady-state heat

6. Sciarra, J., USE OF THE FINITE ELEMENT DAMPED FORCED
RESPONSE STRAIN ENERGY DISTRIBUTION FOR VIBRATION REDUC-
TION, U.S. Army Research Office - Durham, Final Report
Contract DAH-C04-71-C-0048, July 1964.
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solution (heat balance) using the housing model. Cooling
was provided by modeling the oil flow and incorporating

it into the solution. Nodal temperatures were punched out
automatically on cards in a format compatible with

NASTRAN input. A thermal distortion/stress analysis
followed using the same basic model. This was accomplished
using Rigid Format 1 (Static Analysis) of NASTRAN.

The use of computer programs that are proprietary to
Boeing Vertol presents no gap in the final product to be
delivered under this contract. The bevel gear program
(R20) is based on Gleason commercially available dimension
sheet methods, and the spur/helical gear program (R23) is
based on standard AGMA information. The rolling element
bearing analysis program (S04) was purchased by Boeing
Vertol from Mr. A. B. Jones, bearing consultant, and is
also commercially available to other users. Furthermore,
most industrial and commercial potential users of the
finite element structural analysis method have their own gear/
bearing analyses.

The present NASTRAN transmission model uses elements with

a solid homogeneous cross-section which allow for both
membrane and bending stiffness. The material properties
are isotropic, These conditions represent the solid cast
structure of current helicopter transmissions. However, the
following options exist within NASTRAN to allow analysis of
structures made of composite materials:

® A solid homogeneous cross-section element with anisotropic
material properties.

® Sandwich plate elements that can reference different
materials for membrane, bending, and transverse shear
properties, each of which may have either isotropic or
anisotropic material properties.

® A general element whose properties are defined directly
by the user in terms of influence coefficient or
stiffness matrices.

The particular element chosen is dependent upon the type
of composite material to be represented. The NASTRAN
model may also be modified to analyze fabricated truss
type structures.

The flowchart presented in Figure 11 summarizes the overall
transmission housing analysis. The previously existing work
and the items developed herein have been identified, and it

is shown how the work herein contributes to the overall design
goals.
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DESIGN ANALYSIS OF TRANSMISSION HOUSING

DEFINITION OF MODEL

The contractor selected the forward main rotor transmission
of the CH-47C helicopter for consideration under this
program. A NASTRAN finite element model of the CH-47
forward rotor transmission constructed by Boeing Vertol
(under USAAMRDL Contract DAAJ02-74-C-0040) for vibration/
noise reduction studies and correlated with data from the
HLH/ATC noise reduction program (References 7 and 8) was
used and improved for the thermal and stress analyses
herein. This model is described briefly below and in more
detail in References 9 and 10.

The transmission model was used both as a baseline concep-
tual housing for generalized studies, along with simpler
models to illustrate cooling fins and bearing races/gear
interfaces for heat transfer analyses, as well as being
used for a specific analysis of the operating conditions
experienced by an actual CH-47C transmission. This
generalized conceptual housing model was used to address
various transmission design areas and to develop a general
tool for specific application to the redesign of the
CH-47C forward transmission. The conceptual baseline was
used to develop the design constraints necessary to meet
the goals of this contract and to demonstrate the analytical

10.

Hartman, R. M., and Badgley, R., MODEL 301 HLH/ATC TRANS-
MISSION NOISE REDUCTION PROGRAM, Boeing Vertol Company,
USAAMRDL TR 74-58, Eustis Directorate, U.S. Army Air
Mobility Research and Development Laboratory, Fort Eustis,
Virginia, May 1974, AD784132.

Hartman, R. M., A DYNAMICS APPROACH TO HELICOPTER TRANS-
MISSION NOISE REDUCTION AND IMPROVED RELIABILITY, Paper
Presented at the 29th Annual National Forum of the American
Helicopter Society, Washington, D.C., May 1973, Preprint
No. 772.

Sciarra, J. J., Howells, R. W., and Lemanski, A. J., HELI-
COPTER TRANSMISSION VIBRATION AND NOISE REDUCTION PROGRAM,
USAAMRDL Contract DAAJ02~74-C-0040, Interim Report,
October 1975.

Howells, R. W., and Sciarra, J. J., FINITE ELEMENT ANALYSIS

USING NASTRAN APPLIED TO TRANSMISSION VIBRATION/NOISE
REDUCTION, NASA TMX-3278, September 1975.
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technique developed through design of a housing to meet

the design constraints selected. Several areas of potential
improvement needing further consideration have been
identified:

® Housing Material - Desirable Properties

- Inherently high stiffness and strength.

- Good high temperature strength to provide gear
and shaft support even when running under
emergency lube conditions and under operating
temperatures of 350°F.

- Use material forms like composites or rolled
sheet which lend themselves to very thin sections
in areas where o0il containment is the main
requirement.

- The housing material strength/elongation proper-
ties should accept the hydraulic ram effect
that cracks castings after ballistic impact.

- Should not support combustion as magnesium does.

- Inherent cooling capabilities.
® Housing Construction and Geometry

- Minimize interfaces, doubled thicknesses, and
bolted joints.

-~ Simplify the rotor load path and minimize bending
as far as possible.

- Locate gears as rigidly as possible by reacting
their loads through a direct, short and rigid
load path. Locate bearings to minimize bending
loads on the support structure.

- Insure rigid support locations at housing/
rotating component interfaces.

The above design features and the increasing perform-
ance demands placed upon helicopter transmissions have
led to interest in the possible use of advanced com-
posite materials for transmission housings. Although
composites have been applied with much success for many
aircraft parts, their use for transmission housings is
new. Many design areas must be addressed: 1load path
definition for orientation of non-isotropic material
properties; fabrication, tooling and machining methods;
thermal properties, etc.
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A USAAMRDL/BHC program (Reference 1ll1) was previously con-
ducted to evaluate carbon/epoxy as a possible transmission
housing material. Machining of the carbon/epoxy material
was found to be difficult, and grinding had to be used
almost exclusively to finish the composite housing. Also,
the thermal conductivity and structural integrity of the
carbon/epoxy housing was found to be poor. Stiffness was
slightly improved as evidenced by gear development test-
ing. The lack of success of this particular program should
not deter the pursuit of composites as a housing material.
Conversely, the problems encountered during the program
indicate the need for accurate analysis and careful design
as well as the development of acceptable fabrication
procedures.

For example, structural failures occurred at bonded joints
in tension. Such a design does not utilize the properties
of composites properly and must be avoided. Another ex-
ample is the concern over the low thermal conductivity of
nonmetal composites. Graphite/polyimide has a lower
thermal conductivity than magnesium by a factor of about
25 to 1, thus heat dissipation from the housing will be
less than that of a magnesium equivalent and areas of
higher temperature will be more localized. Since convec-
tion cooling through a magnesium case accounts only for an
estimated 15% of the total heat rejection, the estimated
weight penalty for the cooling system resultant is not
prohibitive.

The second probable effect of the thermal conductivity
difference is in the areas immediately adjacent to the
bearings. Bearing heat will not be carried away as fast as
it is with a magnesium housing. The coefficient of thermal
expansion of molded golyimide with chopped graphite rein-
forcement is 6 x 10 inch/inch®F, which is very close to
steel (6.5 x 10 ®). The effect on the bearing should be
beneficial under conditions of both normal operation and
lube interruption. That is, the temperature of the outer
race should remain closer to the inner race under all con-
ditions and thus eliminate the temperature gradient across
the bearing, which is responsible for bearing seizure under
abnormal conditions. Also, the housing will not expand
away from the outer race when the thermal growth coeffi-
cients are matched. This will also tend to maintain a
constant internal clearance and stabilized operating
conditions in both normal and abnormal lubrication situa-
tions. The conclusion is that molded chopped graphite

1l.

Battles, Roy A., DYNAMIC TESTING OF A COMPOSITE MATERIAL
HELICOPTER TRANSMISSION HOUSING, Bell Helicopter Company,
USAAMRDL TR 75~47, Eustis Directorate, U.S. Army Air
Mobility Research and Development Laboratory, Fort Eustis,
Virginia, September 1975, AD A015521.
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composite bearing supports, with thermal coefficients
matched to bearing materials, will improve the ability to
operate at design conditions as well as at abnormal lube
conditions.

The finite element analysis considered herein is an
essential tool necessary to handle the composite material
properties most efficiently. Such analyses in combination
with advanced materials promise to yield helicopter trans-
missions with substantially improved performance and lower
life-cycle cost.

By utilizing the existing model of the CH-47C forward rotor
transmission, the contractor has been able to:

® Cost-effectively conduct the thermal/stress analysis
presented herein.

® Concentrate effort on the application of the model to
derive useful information rather than on model
building.

@ Directly apply results of other related contracts.

Further reasons for selecting this model include:

® Model validation has provided confidence in its
accuracy.

® Use of a widely accepted and throughly validated
computer program (NASTRAN).

® Extensive computer-generated plotting capability
used to debug the model.

® Cross-checking of the model, design drawings, and
hardware.

® Good correlation of the model and hardware weights
(Table 2).

e Test data is available from previous Boeing Vertol
programs for model validation and correlation.

- Housing displacements from HLH/ATC noise reduc-
tion program (Reference 7).

- Housing temperatures from thermal mapping program
(Reference 12).

® Hardware is available for further testing and
modification.

12. Tocci, R. C., Lemanski, A. J., and Ayoub, N. J., TRANS-
MISSION THERMAL MAPPING, Boeing Vertol Company, USAAMRDL
TR 73-24, U.S. Army Air Mobility Research and Development
Laboratory, Fort Eustis, Virginia, May 1973, AD 767875.
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The Boeing Vertol CH-47 forward rotor transmission housing
is composed of three major sections: upper cover, ring
gear, and case (including sump). The upper cover provides
lugs for mounting the transmission to the airframe and
transmits the rotor system loads. The case contains and
supports the main bevel gears. The ring gear, which
connects the upper cover and case, contains the planetary
gear system. This natural division of the housing was
adhered to for ease of modeling (Figure 12).

The geometric grid points for the model were defined from
design drawings and by cross-checking on an actual housing.
CQUAD2 (Quadrilateral) and CTRIA2 (Triangular) homogeneous
plate (membrane and bending) elements were used to connect
the grid points and to build the NASTRAN structural model. A
Boeing Vertol preprocessor program (SAIL II - Structural
Analyses Input Language) for the automatic generation of
grid point coordinates and structural element connections
was used. This preprocessor allows the user to take
advantage of any pattern which occurs in the data by
providing straightforward techniques for describing algo-
rithms to generate blocks of data. The extensive computer
generated plotting capability of WNASTRAN was used to de-
bug the structural model.

For ease of identification the housing was subdivided into
several regions, and the grid points in each region were
labeled with a specific, but arbitrary, series of numbers.
Although these grid point numbers act only as labels, they
effect the bandwidth of the stiffness and mass matrices.

In order to minimize the matrix bandwidth for most efficient
running of NASTRAN, the BANDIT computer program (Reference
5) was used to automatically renumber and assign internal
sequence numbers to the grid points. The output from
BANDIT is a set of SEQGP cards that are included in the
NASTRAN bulk data deck and which relate the original external
grid numbers to the internal numbers.

The model includes grid points representative of the
structure where the shafts are supported by their bearings.
These grid points are used to apply the dynamic and

static loads to the housing. Each geometric grid point

has six possible degrees of freedom (three translational
and three rotational). To conveniently evaluate the wotion
normal to the housing surface, numerous local coordinatc
systems were defined and oriented such that the displace-
ments and accelerations calculated at each grid point
could be referred to as a coordinaté system having an axis
normal to the housing surface. One degree of freedom,
rotation about the normal to the surface, was constrained
since the stiffness for this component is undefined for
NASTRAN plate elements. The other two rotational degrees
of freedom were omitted. All translational degrees of
freedom were retained to accurately represent the motion

of the actual housing. The model parameters are summarized
in Table 2. o
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15 5

EXTENSION OF MODEL FOR INTERNAL COMPONENTS

The original transmission model included the complete
housing structure (Figure 12) as well as the internal
dynamic components (Figure 13). The model of these internal
components was used to calculate the dynamic forces that
were subsequently applied analytically to the housing model
at the bearing locations. The structural aspects of the
internal components were not considered. Since for static
load conditions the internal components provide additional
structural constraints on the housing, the effect of these
internal components must be accounted for in the thermal

and structural models. The effects of bevel, sun lower and
upper planetary gears, and supporting structure were con-
sidered. It is generally not necessary to model these com-
ponents in full detail, since only their gross effect on the
housing is desired. A simple beam representation is adequate.

Including the internal components in the thermal model

was neither necessary or desirable. The bearing outer
races (steelelg = 7.5 x 10=% in/in/OF), which are the
case/internal component interface, are press fit into the
housing. Elevated temperatures cause the magnesium case
(Xpn = 15.0 x 10=6 in/in/°F) to expand away from the outer
race and may even result in a "floating" fit at operating
temperature. This situation was experienced in Reference
12, where it was necessary to key the outer races of the
spiral bevel pinion bearings in their case liners to pre-
vent rotation that would be permitted by increased clearances
caused by thermal expansion/growth. This condition, plus
the internal tolerance within a bearing, precludes the trans-
mittal of radially outward thermal loads into the housing.
Furthermore, it is not possible for the bearing races to
impose radial restraint upon the housing expansion. Thus,
no representation of the internal components in the radial
direction is necessary. In the axial direction, thermal
growth of the shafting is absorbed in the form of reduced
gear backlash, Thus, no axial loads are generated unless
the temperature exceeds that necessary to reduce the back-
lash to zero. 1In such a situation, the housing loads
would be of little interest since the gears would distress
and fail. Figures 14, 15 and 16 indicate the changes in
bevel gear backlash and root clearance due to elevated
temperatures. Allowing for these effects, a high tempera-
ture transmission must be designed to maintain adequate
backlash as well as bearing clearances.

The only significant property of the internal components
in the static stress model is the radial resistance of
the bearing outer races to compressive (radially inward)
forces acting on the housing.
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Figure 15. Change in Backlash Due to Temperature Change
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Figure 16. Change in Root Clearance Due to Temperature Change

40

oy
i T




bearing races offer no resistance to radially outward
forces on the housing. A problem arises here due to the
nature of the beam element., No capability exists in
NASTRAN for a beam which will act in compression only.
Thus, a beam model of a bearing race will also act to
impose unwanted restraint on the housing directed radially
inward. This could be circumvented by first analyzing the
housing model without including the beams representing the
races and thereby defining those housing/bearing interfaces
with radially inward deflections. A beam model could then
be inserted at these points to resist the radially inward
forces and the analysis could be rerun. Figure 17 indi-
cates the bearing/housing interfaces.

- ~

— e

BEVEL/SUN GEAR
LOWER SUPPORT
BEARING FLANGE -
INTERNAL

Figure 17. Shaded Lines Indicate Bearing Outer Race/Housing Interfaces
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III. THERMAL DISTORTION AND THERMAL STRESS ANALYSIS

1.

General

A complete thermal analysis must consider thermally in-
duced deflections and stress as well as heat transfer
characteristics. The capability for predicting the
thermal distortion of a transmission housing under op-
erating conditions is important from the aspects of
load capacity improvement and avoidance of premature
component distress. The sensitivities of bevel gear
load capacity to tooth pattern and of bearing perfor-
mance to mounting tolerances, both of which are affect-
ed by the dimensional stability of the housing, are
well known. The thermally induced stress distribution
in the housing must be known and then superimposed upon
the stress due to static/dynamic loads. Only with such
a detailed knowledge of the housing stress can a
structural design be optimized for maximum efficiency.
Furthermore, in line with the long range objective of
an integrally lubricated transmission, a thermal analy-
sis is required for predicting the heat flow character-
istics of the transmission housing. Since such a
transmission will operate at higher temperatures than
current conventionally cooled systems, the effects of
thermal distortion and stress will become more critical.
Such studies also bear directly on the development of
transmission capability to endure relatively long peri-
ods of emergency hot running after loss of lubricant
(Figure 18). The sequence of development required to
arrive at an integrally lubricated transmission is
shown in Figure 19. Test results have also indicated
that thermal growth may be a contributor to premature
gear distress at present operating temperatures.
Thermal growth, being proportional to both temperature
change and component size, becomes more critical with
larger transmissions (e.g., HLH) and higher temperatures
(e.g., sealed-lube systems). Thus, advanced trans-
mission designs will need improved thermal analyses to
alleviate such problems.

The investigations documented herein indicate the rela-
tive contribution to distress of transmission compon-
ents when subjected to differential thermal growth.

The results of this analysis indicate the work required
to arrive at acceptable drive system mission reli-
abilities when differential thermal growth takes place
in hot running helicopter transmissions for continuous
and emergency periods of time. The finite element
transmission housing model discussed in a previous
section is ideally suited for application to a thermal
analysis. Figure 20 describes the thermal model of

the housing.
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UPPER COVER

GRID POINTS = 160
ELEMENTS = 202

o AUTOMATIC GENERATION OF GRID
POINTS AND ELEMENT CONNECTIONS.

¢ USESAME GRIDS FOR STRUCTURAL
AND THERMAL ANALYSIS.

e HOUSING MADE OF PLATE ELEMENTS

e METAL OR COMPOSITE MATERIAL.

e THERMAL DISTORTION AND THERMAL
STRESS.

RING GEAR e GEAR/BEARING ANALYSIS TO DETER-

B o MINE HEAT GENERATION, USE AS
DRIVING POTENTIAL FOR MODEL.

e HEAT TRANSFER BOUNDARY CONDI-
TIONS AT EXTERNAL SURFACES
DETERMINED FROM ENVIRONMENT.

o THERMAL (HEAT TRANSFER) ANALYSIS
DEFINES TEMPERATURE FIELD.

¢ DEFINE RESPONSE (DEFORMATION) AT
GEAR MESHES AND BEARINGS DUE TO
HEAT GENERATED.

o STRUCTURAL OPTIMIZATION.

e VALIDATION OF ANALYTICAL TOOLS
FOR APPLICATION TO ADVANCED
TRANSMISSION DESIGN.

GRID POINTS = 216
ELEMENTS = 192

CASE

GRID POINTS = 477
ELEMENTS = 540

Figure 20. Model for Thermal Analysis
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Steady-state heat transfer analyses may be accomplished
with the existing finite element model of the CH-47C
forward transmission housing using the NASTRAN program.
The NASTRAN heat flow capability analysis is compatible
with the structural analysis capability. Using the
same model (grid points, coordinate system, elements,
constraints and sequencing) as used for a structural
analysis, the steady-state temperatures at each grid
point may be calculated and provided directly in
punched form for later use in a thermal stress/defor-
mation analysis (static structural analysis). This
NASTRAN housing model may also be modified to handle

a thermal analysis of fabricated housings and/or
composite materials such as metal-matrix, which will

be particularly valuable for application to advanced
transmission development.

Input to the model for a thermal analysis requires
knowledge of the thermal boundary conditions at spec-
ified locations on the housing. The driving potential
for a thermal analysis is the power dissipation by
bearings and gears at operating conditions. This
originated from other Boeing Vertol computer programs.
The temperature distribution obtained from the steady-
state temperature analysis can then be input to NASTRAN
to provide a thermal stress (static) analysis. Thermal
stresses and distortions result. The thermal distor-
tions obtained are of particular use in determining the
adequacy of clearances for a longer life transmission.
The thermal analysis is outlined in Figure 21.

A sample NASTRAN thermal stress analysis presented
below shows good correlation and indicates the feasi-
bility of using NASTRAN for thermal analyses. The
model, a rectangular plate, is given a temperature
gradient which causes internal loads and elastic
deflections. The temperature load is constant in the
y direction and symmetric about the y-axis. Since
membrane elements are used to model the structure,

it is necessary to remove all rotational degrees of
freedom and translational degrees of freedom normal to
the plate. The symmetric boundary conditions were
modeled by constraining the displacements normal to
the planes of symmetry. Figure 22 shows a comparison
of stresses predicted by NASTRAN and the experimentally
measured stresses.
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Figure 21. Flow Diagram of NASTRAN Thermal Analysis
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13. NASTRAN User's Manual Level 15, June 1972
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Uniform Temperature Testing

The initial phase of the thermal work was the appli-
cation of a uniform temperature distribution over the
housing model. This was done analytically using
NASTRAN (Rigid Format 1) for temperatures representa-
tive of current operating (160°F), projected operating
(350°F), and projected loss-of-lubricant emergency
operating (700°F) conditions, and required a total of
40 minutes execution time on an IBM 370 computer.
Although the thermal stresses are invariant, boundary
fixity was found to influence the point~by-point
distortions and to make interpretation difficult.
Studies were made to resolve this, and the housing was
analyzed for thermal stresses and distortions. The
thermally induced deformations were defined (Figure 23).

For model validation, the baseline housing was heated

to temperatures in the range of 160°-400°F. By measuring
selected dimensions of the housing at normal and
elevated temperatures, this testing experimentally
determined the thermal distortion of the transmission
case. Correlation with the dimensional changes pre-
dicted analytically by NASTRAN provided confidence in

the thermal model for.further analysis.

Thermocouples were installed-on the CH-47 forward
rotor transmission housing at five locations dispersed
over the housing and representative of various wall
thicknesses occurring in the housing. The points for
dimensional inspection were defined to provide repre-
sentative distortions and to be readily accessible for
measurement under elevated temperature conditions.

The thermocouple locations and points for dimensional
inspection are shown in Figure 24.

After measuring and recording the room temperature
dimensions, the housing was placed in a 204 kW walk-in
type electric oven (Figure 25) and heated to each of
the following three approximate target temperatures:
160°F, 280°F, and 400°F. The temperature at each
thermocouple was recorded continuously on paper tape.
After the temperature in the oven stabilized, the
housing was allowed to "soak" at the elevated tempera-
ture for approximately one hour to insure a thorough
and uniform heating. During soaking the temperatures
indicated by the five thermocouples remaine. constant
and within a 459F band, indicating a uniform heating
of the housin~,

After soakiny, tt specified housing dimensions were
measured. The ho.  1g remained in the oven during
measurement in nrder to minimize heat loss, but the
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Figure 25. CH-47C Forward Rotor Transmission Housing in Dispatch Oven

oven doors were partially open and the oven was turned
off. During the measurement, the housing temperature
was continuously recorded on paper tape and the tape

was annotated to show the temperature at the time each
dimensional check was made (Figure 26). Typically,
about four dimensions could be measured at the 160°F
range and about two dimensions at the 400°F range before
the housing temperature decreased substantially. The
experimental setup is shown in Figures 27 through 30.

The instruments used for the measurements are shown in
Figure 31. Table 3 summarizes the equirment used in
the testing and indicates the reliability cf the
dimensions taken. When evaluating the reliakility of
the dimensional data taken at elevated temperatures,
consideration must be given to the facts that some
growth of the inspection gages occurred when taken into
the oven and also the inspector had to work in an
uncomfortably hot environment.

The experimental data obtained is plotted in Figure 32
as the change in linear dimensions versus temperature.
Also shown in the figure are the theoretical changes

in the dimensions as predicted both by the NASTRAN
thermal analysis and by a simple linear thermal expan-'
sion calculation. The agreement of the data and
analytical methods confirms the validity of the model,
which can thus be used with confidence to predict
deformations of the housing.
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Figure 29. Measurement Procedure — Depth Gage




Figure 30. Measurement Procedure — Vernier Caliper

BAR-TYPE DIAL
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T e . R PR —

PRECISION GROUN /

PARALLEL STOCK<™ GLOVES
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Figure 31. Measuring Instruments
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3. Gear/Bearing Thermal Simulation

The temperature distribution throughout a new transmission
is obtained during the design phase from heat transfer
analyses for both the housing and internal components.
The heat output of the gears and bearings are the heat
sources within the transmission and are the forcing
functions for the thermal analysis. Since the develop-
ment of a completely rigorous analysis of gear/bearing
heat generation was beyond the scope of this contract,
within the transmission and are the forcing functions
for the thermal analysis. Since the development of a
completely rigorous analysis of gear/bearing heat
generation was beyond the scope of this contract,
approximate methods were applied. Nevertheless, the
methods used for the component heat generation yielded
results which were within 6% of independent calculations
based on oil-in/oil-out cooling.

The dynamic and kinematic parameters output by existing
Boeing Vertol computer programs (S04 rolling element
bearings, R20 bevel gears, and R23 spur/helical gears),
in conjunction with information derived from a review
of References 14, 15, and 16, were used to predict
temperatures. Figure 33 defines the data flow for the
heat generation analysis. The results of this work
were used for correlation with measured thermal data
and, in the next section, as input to the finite
element model for a thermal analysis of the housing.

A thermal distortion/stress analysis was accomplished
using NASTRAN Rigid Format 1 (Static Analysis).

Figure 21 indicates the overall scheme of the thermal
analysis.

The computer programs used to predict gear temperatures
are based on an analysis of the temperature at a gear
mesh, or the flash temperature, which is used to deter-
mine the average temperature generated over several
mesh cycles. It had previously been assumed that the
power loss per mesh was between .5% and .75%. The .5%
estimate gave an error of 9% based on a comparison of
oil-in/oil-out heat dissipation. Using the computer
program results, however, the power loss calculated for

14.
15.

16.

Buckingham, E., ANALYTICAL MECHANICS OF GEARS.
Harris, T., ROLLING BEARING ANALYSES.

Rumbarger, J., and Filetti, E., HIGH TEMPERATURE
HELICOPTER MECHANICAL TRANSMISSION TECHNOLOGY, Franklin
Institute Research Laboratories, Phila., Pa., FIRL
Final Report F-C3229, December 1971.
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the bevel mesh was .2% for a better system correlation
of 6%. As an alternative, a gear temperature formula-
tion from Reference 17 was also attempted:

cos & cos*{’1 cos‘f)2

Efficiency = —
cos @ cos‘f/l cos Yz + £ ginZ

where R, = Pinion = 7.55/2 Large End Pitch Diameter
R, = Gear = 13.278/2 Large End Pitch Diameter
n = RPM Pinion = 7460
V = Pitch Line Velocity = fpm
¥ = sliding vVelocity Between Basic Racks, fpm
en = Pressure angle of basic rack = 22.5°
Wl = 25°
vy = 25°
I = Shaft angle = 99°
f = Assumed coefficient of friction f = 0.01

]

V = .5236 R, n = (.5236) (3.775) (7460)

1 14745.36

i

For any shaft angle V \Y sinzf/cos\Pa = 16069. fpm

14,745.36 sin 99°/cos 25°

S

(.92388) (.906308) 2

EFF =
2 r o
[}os (22.5)] (.906308)° + £ sin 99
BOP B  nrnBABEER e s ™ P8 TR

.75887 + (.01) (.987688)

HEAT GENERATED = (.013) (3600) (42.42) = 1758 BTU/MIN

17. Buckingham and Ryffel, DESIGN OF WORM AND SPIRAL GEARS.
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A computer program in the "BASIC"language with sample
results (BTU/MIN) for various assumed coefficients of
friction is also included(Figures 34 and 35). Reference
18 was also utilized.

10 INPUT P1l, P2, P3, P4

20 A=COS (P1) *COS (P2) *COS (P3)
30 FOR I=1 TO 50

40 E=0.01*I

50 E=E*SIN (P4)

60 E=E+A
70 E=A/E
80 PRINT P1l;P2;P3;P4;E
90 E=1-E

100 B=E*3600%*42.42

110 F=0.01*I

120 PRINT "COEFF OF FRICTION="F;"BTU/MIN="B
130 NEXT I

140 END

AVERAGE POWER LOSS = 0.769HP = 32.590BTU/MIN

Figure 34. ““Basic’” Computer Program for Heat Generated by Spiral Bevel
Gears (Hewlett Packard Minicomputer)

T22:5,25.7;25.,99.

22.5 25 25 99 0.988488388

COEFF OF FRICTION = 0.01 BTU/MIN= 1757.961316
22.5 25 25 929 0.977238794

COEFF OF FRICTION= 0.02 BTU/MIN= 3475.909312
22.5 25 25 99 0.966242373

COEFF OF FRICTION= 0.03 BTU/MIN= 5155.194742
22.5 25 25 99 0.955490674

COEFF OF FRICTION= 0.04 BTU/MIN= 6797.10824
22.5 25 25 99 0.944975617

COEFF OF FRICTION= 0.05 BTU/MIN= 8402.88363
22.5 25 25 99 0.934689474

COEFF OF FRICTION= 0.06 BTU/MIN= 9973.701007
22.5 25 25 99 0.924624852

COEFF OF FRICTION= 0.07 BTU/MIN= 11510.689.64
22.5 25 25 99 0.914774669

COEFF OF FRICTION= 0.08 BTU/MIN= 13014.93069
22.5 25 25 99 0.905132146

COEFF OF FRICTION= 0.09 BTU/MIN= 14487.4597
22.5 25 25 S 0.895690784

COEFF OF FRICTION= 0.1 BTU/MIN= 15929.26905

Figure 35. Sample Computer Output for Various Assumed Coefficients of Friction

18.

Faires, V., DESIGN OF MACHINE ELEMENTS, The MacMillan
Company, New York, 4th Edition, 1965.
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The output from computer program S04 has been applied
to predict the temperatures of rolling element bearings.
Some work has been done in this area by Rumbarger and
Filetti (Reference 16). Since the heat generated by
the bearings is comprised of two parts, the shearing
of the interface oil film and by the friction of the
rolling elements, two separate calculations must be
combined (Figure 36). Also, the heat generation is a
function of load, sliding velocity, and coefficient of
friction. Sample procedures for calculating the heat
generated by both angular contact ball bearings and
roller bearings are outlined in Appendix B.

Lubrication characteristics of the CH-47C forward
transmission have been determined. Table 4 indicates
the o0il flow for forced convective cooling of the
internal components, and Figure 37 indicates the orifice
locations numbered according to Table 4. The stabi-
lized thermal power at the bearings and gears act as
heat sources for a NASTRAN analysis including conduc-
tivity, natural and forced convection, and radiation
(Stefan-Boltzmann Law) (Figures 38 and 39). Resulting
overall temperatures can then be used in a NASTRAN
static analysis in order to determine thermal distor-
tions and stresses.

Thermal power has been determined for all gear meshes
(Figure 40). Samples of the computer output for the
CH-47C forward transmission are shown in Figure 41
(bevel gear program R20) and Figure 42 (spur and
helical gear program R23).

A tabulation of the heat generated by the CH-47C

forward transmission internal components is provided
in Table 5.
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DESIGN POINT
125°F DAY
195°F OIL IN
285°F OIL OUT

L
o

=\

Figure 37. Lubrication Pattern — CH-47 Transmission
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CONDUCTIONTO
AIRFRAME
HEAT SINK

Figure 38. Illustration of Internal Conductive Heat Paths of Specimen Transmission




- SHAFT ROTATION

i WETTED AREA
st o FORCED CONVECTION
TO AIR

RADIATION/NATURAL
CONVECTION

RADIATION/NATURAL
CONVECTION

-
THOMAS
OUPLIN
OILIN \ 8
RADIATION/NATURAL =
CONVECTION 5 l
= |
!
FORCED
CONVECTION
TO AIR

OIL OUT TO COOLER

Figure 39. lllustration of Radiation/Natural Convection and Forced Convection (Oil)
Heat Paths of Specimen Transmission

66




BEARING 2
9.3 BTU/MIN
TOWER
SHAFT SUN-PLANET MESH (6), U.P.
66.1 BTU/MIN
SUN-PLANET MESH (4), L.P.
120.7 BTU/MIN EACH
BEARING 1
223 BTU/MIN
PLANET-RING (6) U.P.
25.7 BTU/MIN
\ 4 .
7 5
SPH. ROLLER (6 PAIRS)
PLANET-RING (4), L. P,
. 32.6 BTU/MIN EACH
SUN 1} SPH. ROLLER (4 PAIRS)
9 BEARING 14
BEARING 9 6.1 BTU/MIN Ea
75.3 BTU/MIN :

BEARING 16
BEARING 17A 58.6 BTU/MIN
21.0 BTU/MIN

BEARING 178 <= SYNC SHAFT
5.9 BTU/MIN 7460 RPM
)
| BEARING 15
134.9 BTU/MIN

SPIRAL BEVEL MESH g

o y 100% TORQUE

(Wy = 8056.6 LB)

BEARING 13
168.7 BTU/MIN

Figure 40. Transmission Heat Sources
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RAYMOND J. DRAGO

BEVEL GEAR SURFACE LOAD CAPACITY ANALYSIS
CONTACT STRESS - G-FACTOR SCORING HAZARD

CH-47C FWD BEVEL MESH RUN FOR J. S. 4/14/76

STRESS:

KO = 1,000 KV = 1,000 KM = 1,100 KS = 0,714 CS = 1,000 CF =

NORMAL PRESSURE ANGLE

SHAFT ANGLE
MEAN SPIRAL ANGLE
NUMBER OF TEETH

TRANSVERSE DIAMETRAL PITCH OUTER
MAXIMUM SURFACE FINISH (MICROINCHES)

EFFECTIVE FACE WIDTH
PITCH DIAMETER
PITCH ANGLE

PITCH LINE VELOCITY FPM

REDUCTION RATIO
CONE DISTANCE

POWER
SPEED
TORQUE

TANGENTIAL TOOTH LOAD

CONTACT RATIO -~ FACE

=~ PROFILE
-~ MODIFIED

INERTIA FACTOR

ELASTIC COEFFICIENT

OUTER =

7.19384

PROFILE CURVATURE RADIUS - PITCH POINT

= CRITICAL POINT

LENGTH OF CRITICAL LINE OF CONTACT

LOAD SHARING RATIO

DISTANCE BETWEEN TOOTH MIDPOINT AND CRITICAL POINT
CONTACT GEOMETRY FACTOR
MAXIMUM CONTACT STRESS

SCORING HAZARD:

AVERAGE POWER 1OSS = 7,3178 H.P. =

THERMAL CONSTANT, Cl
THERMAL FACTOR, CG

PROFILE CURVATURE RADIUS AT CRITICAL POINT
LENGTH OF CRITICAL LINE OF CONTACT

LOAD SHARING RATIO

DISTANCE FROM TOOTH MIDPOINT TO CRITICAL POINT

GEOMETRY FACTOR, G

TEMPERATURE RISE AT CRITICAL POINT

310,6389 BTU/MIN

HEAT GENERATED

PINION GEAR

29

7
31

7460
30414

ik
1

41

1

22.50000
99.00000
25.00000
51.00000
3.84100
20.00000
2,18800
.55012 13.27779
.65230 67.34764
14745.01000
1.75862
= 6.09984

.00000

3600.000
.00000 4241.96000
. 20000 53487,03000
8056.61700
1.50491
1.25868
1.96189
1.01942

1.000
2800.00000
.69785 6.59948
.87387 6.42346
1,544348
1.000000
-0.017148
0.094451
211021, 3000

41.00000
1.00000

6.32651
1.46105
0.70570
0.18285
0.00178
215, 50340

. 00000

.97082

Figure 41. Gear Computer Program (R20) for Calculating Heat Generated by
Spiral Bevel Mesh. Sample Output CH-47C Forward Transmission

<ol .a.,,;;r,:, N fawertie



SCORNG
FACTOR

0.0026
0.0009
0.0000
0.0008
0.0020

0.0026
0.0023
0.0020
0.0017
0.0014
0.0012
0.0009
0.0007
0.0005
0.0002
0.0000
0.0002
0.0004
0.0006
0.0008
0.0010
0.0012
0.0014
0.0016
0.0018
0.0020

FRICT.
COEFF.

0.0600
0.0600
0.0600
0.0600
0.0600

0.0600
0.0600
0.0600
0.0600
0.0600
0.0600
0.0600
0.0600
0.0600
0.0600
0.0600
0.0600
0.0500
0.0600
0.0600
0.0600
0.0600
0.0600
0.0600
0.0600
0.0600

RISE
F DEG

0.00
18.64
0.00
16.91
9.15

0.00
10.61
15.59
18.17
19.00
18.41
18.63
13.74

8.99

4.38

0.10

4.47

8.72
12.86
16.91
18.58
19.21
18.73
17.06
14.00

9.15

FINAL
TEMP .
F DEG

200.00
218.64
200.00
216.91
209.15

200.00
210.61
215.59
218.17
219.00
218.41
218.63
213.74
208.99
204.38
200.10
204.47
208.72
212.86
216.91
218.58
219.21
218.73
217.06
214.00
209.15

FILM
THCK.
MICRO

0.000
12.245
13.624
15.053
22.210

0.000
13.603
12.821
12.536
12.438
12.436
12.246
12.589
12.935
13.282
13.632
13.984
14.338
14.694
15.053
15.725
16.481
17.358
18.428
19.859
22.210

INSTANTANEOUS
POWER LOSS
HP BTU/MIN
0.00 0.00
1.23 52.24
0.00 0.00
1.29 54.74
0.47 20.05
0.00 0.00
0.39 16.52
0.69 29.46
0.92 38.80
1.05 44.50
1.10 46.50
1.23 B2.22
0.93 39.25
0.62 26.17
0.31 12.99
0.01 0.31
0.32  13.73
0.64 2Z7.26
0.97 40.93
1.29 54.72
1.39 58.85
1.39 59.08
1.31 55.38
1.12 47.68
0.85 35.92
0.47 20.05

Figure 42. Typical Computer Output for Calculating Thermal Power
Generated by Gear Teeth
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TABLE 5. HEAT GENERATED BY COMPONENTS

MESHES (GEARS, FIGURE 40)

6 66.1 396.6
4 120.7 482 .8
6 25.7 154.2
4 32.6 130.4
1 1145

2309.05 BTU/MIN

BEARINGS (FIGURE 40) FRICTION

IDENTIFICATION

UP Sun-Planet
LP Sun-Planet
UP Planet-Ring
LP Planet-Ring
Spiral Bevel

VISCOUS TOTAL

TYPE

Roller
Ball
Roller
Upper Ball
Lower Ball
Roller
Roller
Roller
Ball
Roller

1340.4 BTU/MIN

Pinion No. 16 34.8 23.8 58.6
Pinion No. 15 109.5 25.6 134.9
Pinion No. 13 128.0 40.7 168.7
Lower Sun No. 17A 15.2 5.8 21.0
Lower Sun No. 17B .14 5.8 5.9
Lower Sun No. 9 55.6 19.7 75.3
LP No. 10 411.6 18.0 429.6
UP No. 4 409.8 5.0 414.8
Rotor No. 1 21.2 Ll 22.3
Rotor No. 2 8.7 «6 9.3
1194.5 146.1

TOTAL = 3649.4 ﬁ%% =. 86.03 HP

TOTAL HP = 3600., % Lost = 2.39

EFFICIENCY = 97.6%

TCTAL HEAT GENERATED

g SEC _ 218964, BITU _
4262.6+ 60 X 1 =

The heat generated by all the bearings as well as

other pertinent data is shown in Figure 43.

In order

to obtain a comparative relationship, an assessment of
the heat capacity of the transmission oil was made.
The following oil-in/oil-out temperatures shown in Table 6

were obtained by experiment (Reference 12).
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&l

9.33BTU/MIN

PITCH DIAMETER =7.48 IN.

BNG SHAFT FORCE = 23,803 LB

243 RPM
(SHAFT)

§

ROTOR

— -1

: 1

781-RPNII[IF<
)

886 RPM
(SUN)

40 TEETH TICM

| 24091'nm

42.42*HP = BTU/MIN

ENGINE TO ROTOR
6470 1

HP = (IN. LBS) (RPM)

63,025

—

22.3BTU/MIN

PITCH DIAMETER =9.84 IN.
BNG SHAFT FORCE
RADIAL = 20,347 LB
THRUST = 26,889 LB

BALL DIAMETER = 1.625 IN.

NO. OF BALLS = 17
| CONTACT ANGLE = 26 DEGREES

|

33 TEETH

(SUN) |
(PLANET):
| ::
o el l 10, ©
28 TEETH © [ M —TUEAf
R 39 TEETH
75.27 BTU
5.27 a,T IMIN s 9L ANET!
4245 RPM
SUN 8 L &%
GEAR
29 TEETH
(]
-PINION
) BTU/MIN
| X\ ./ m P2
168.7 BTU/MIN
6BTU/MIN BNG SHAFT FORCE = 12,881L8B
PITCH DIAMETER = 6.6 IN.
21 BTU/MIN RIS

PITCH DIAMETER = 4.48 IN.
BNG SHAFT FORCE = 32,222 LV

6 PAIRS
414.75 BTU/MIN

106 TEETH
(RING)

PITCH DIAMETER

=4.71IN.

BNG SHAFT FORCE

=14,972 LB

4 PAIRS
429.6 BTU/MIN

58.6 BTU/MIN

SYNC SHAFT
RPm

0BTU/MIN

Figure 43. Bearing Heat Generation CH-47 Forward Transmission 100%
Torque, 3600 HP
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TABLE 6. OIL-IN/OIL-OUT TEMPERATURES

'I;IFN ngT FLOW:pM ?:

160 185 24.81 25 Baseline

256 286 24.81 30 Red Line

348 398 24,81 50 100% Cooler Bypass

at 40% Torque

Using AT = 30°F from previous experience and from
the above information, let:

g = coefficients of friction

Then, ;PR WC (AT) Btu for oil cooling,
hr

Where C specific heat
Then, C 0.485 Btu/lb °F for MIL-L-7808 oil
and W = oil flow, 1lb/hr

Hence, W = gal (24.) * 231 in.3 * 60 min * .0347 lb =
min gal. S
= 11543 1b
hr

and q_, = (11543) (.485) (30°F) = 167,945 }Bltu
r

Assuming a surface area of 29 FTZ, the following major

types of cooling occur (Figure 44):
OIL COOLING 93.5%,
AIR COOLING 1.7%,
RADIATION 4.8%.
If gof = 167,945 Btu/hr = 93.5% of total, the trans-

mission total heat generated = 167,945/.935 = 179,620
Btu/hr.
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1.7% NATURAL
CONVECTION

OILIN

RADIATION/
NATURAL
CONVECTION

93.5%

—» 0IL OUT TO COOLER

SHAFT ROTATION
WETTED AREA
FORCED CONVECTION
TO AIR

RADIATION, 4.8%

THOMAS
COUPLING

FORCED
CONVECTION
TOAIR

Figure 44. |llustration of Radiation/Natural Convection and Forced Convection

(Oil) Heat Paths of Specimen Transmission
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From the calculation of heat generated shown in
Table 5, 218,964 Btu/hr was obtained. Thus, this
heat loss is apportioned as follows:

AIR COOLING 3,723 Btu/hr (Natural Convection)
RADIATION 10,511 Btu/hr

OIL COOLING 204,730 Btu/hr
218,964 Btu/hr

If a .5% power loss had been assumed for the spiral
bevel mesh, one would have obtained 196,044 Btu/hr
(compared to 179,620) or 9% error. This gives a 97.9%
efficient transmission. Reference 12 indicates a
98.6% efficient transmission. This again is good
correlation.

The conceptual design analysis of a heat generating
bearing race and gear with oil cooling was conducted
using the heat transfer capabilities of NASTRAN. The
model and resulting temperatures are summarized in
Figure 45. Using a similar procedure, a thermal study
using the thermal power of the gear meshes and bearings
as input was made for the CH-47C forward transmission
for the baseline configuration (100% torque). The
resulting temperatures were correlated with the thermal
mapping test results (oil-out, 180°F + 10%, 100%
torque) for the steady state temperature distribution.
Correlation of this predicted and test data provided
confidence in the analytical techniques. This pr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>