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(Abstract)

In the current literature, split path gear trains are analyzed for use in helicopter
transmissions and marine gearboxes. The goal in these systems is to equalize the
torque in each path as much as possible. There are other gear trains where the
operator intends to hold the torque split unevenly. This allows for control over the
gearbox bearing loading which in turn has a direct effect on bearing stiffness and
damping characteristics. Having control over these characteristics is a benefit to a

designer or operator concerned with suppressing machine vibration.

This thesis presents an analytical method for analyzing the torque in split path gear
trains. A computer program was developed that computes the bearing loads in
various gearbox arrangements using the torque information gathered by the analytical
method. A case study is presented that demonstrates the significance of the analytical

method in troubleshooting an industrial gearbox that has excessive vibration.
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Nomenclature

ac = py = transverse circular pitch

ae = p, = normal circular pitch

Cb = Bearing clearance
C, = Lobe radial clearance
Cxx = Bearing damping in the x-direction
D = Bearing inner diameter
F, = Helical gear axial force component
F,, = Helical gear transmission force
F, = Helical gear radial force component
F, = Helical gear tangential force component
GR = gear reduction ratio of the input pinion and compound shaft gear
k.1 = torsional stiffness of path A
ks = torsional stiffness of path B
K = Bearing stiffness in the x-direction
L = Bearing length
L/D = Length to Diameter ratio
LWB = loaded windup of power path B
LWA = loaded windup of power path A
m = slope
) = slope of the line representing path A
m® = slope of the line representing path B
P, = normal diametral pitch

. = Transverse Diametral Pitch
pn = normal circular pitch

p: = transverse circular pitch



Nomenclature (continued)

Tin = Lube oil inlet temperature

Torque Splitt¥ = percentage of total torque in path A
Torque Split p = percentage of total torque in path B
a = offset

B = clocking angle

Bini = initial clocking angle

0 = preload

0, = Angle to leading edge of pad

T = torque

74 = torque through path A

75 = torque through path B

Tl = total input torque

¢s = transverse pressure angle

¢, = normal pressure angle

x= Angular extent of lobe
v = helix angle

X1



Chapter 1

Introduction

It is common for industrial equipment to utilize a gear train as part of the drive
system. The gear train is often composed of one or two gearboxes that alter the
torque and rotational speed from the drive motor. In large, high-speed gear trains,
fluid film bearings are often used. Fluid film bearings can be hydrostatic,
hydrodynamic, or elastohydrodynamic [1]. This report considers gearboxes using
hydrodynamic fluid film bearings. In hydrodynamic bearings, the load-carrying film
is created and maintained by the shaft rotation. The design of the gear train affects
the loads applied to the bearings in the system. The stiffness and damping
characteristics of a fluid film bearing are drastically affected by the load magnitude
and direction. Because of this, knowing the bearing loads inside a gearbox is crucial
to the design of the system. The bearing loads are a result of the force vectors on the
gear meshes. These force vectors create moments on the drive shafts that generate
load vectors on each of the support bearings. Chapter 2 explains the derivation of
equations necessary to find the load vector on a given bearing in a gearbox. A
computer program written in Visual Basic NET [2] is presented that calculates
gearbox bearing loads bases upon user input of geometry, gear types, and input

characteristics (i.e. rotational speed and power).

In high torque situations, it is desirable to use a split path gear train. A split path gear
train divides the power into two separate paths and is the subject of Chapter 3. It is
also sometimes referred to as a split torque gear train because the value of torque
varies linearly with power. Split path gear trains designed with two separate
gearboxes may also be called “back-to-back” arrangements. Many people who use

split path gear trains do not fully understand them. Helicopter transmissions, ship



gearboxes, and high-speed test stands are some of the most common applications. In
some split path gear trains the designer is concerned with ensuring that the power is
split evenly between the parallel torque paths. This is the case in helicopter
transmissions because the main purpose is to reduce the large loads on relatively
small gears. In other situations, the designer intends to split the power unevenly.
The uneven torque load has an effect on the bearing loads in the gearboxes. If there
are fluid film bearings, a change in bearing load can have drastic effects in the
stiffness. This report considers machinery intentionally designed with an uneven

torque load.

The case study in this report is a test stand located at Wright Patterson Air Force base
in Dayton, Ohio. The test stand is used for turbo machinery testing and is located in
the Compressor Research Facility at the base. The test stand drive system consists of
a large DC motor connected to two gearboxes in a “back-to-back” arrangement.
Power is transmitted between the gearboxes by two quill shafts. Each quill shaft
represents a different torque path. The gearboxes were designed during the 1960’s
and there has not been much research into this type of split-path gearbox recently.
Chapter 4 shows an analysis of the back-to-back gearbox arrangement at the CRF
using the developed analytical model. The Visual Basic NET computer program

evaluates the specific design specifications of interest for the CRF test stand.

1.1 Literature Review

Much of the relevant research conducted on split path gear trains has focused on
helicopter and marine gearboxes. Some of the findings from this research can be

applied to all arrangements of split path gear trains.

Krantz [3] developed a method to analyze the load sharing of split path

transmissions. Historically, planetary gear trains have been chosen for helicopter



transmissions. His objective was to demonstrate that split path gear trains, without
additional load sharing devices, are an acceptable option for helicopter transmissions.
The purpose of the analytical method that Krantz developed was to obtain an equal
split of torque in the two power paths. He determined the machining tolerances that

were necessary to have a torque split within specification.

Krantz, Rashidi, and Kish [4] compared the various methods for split torque load
sharing. The goal was to have an even torque split in the two power paths. In split
torque gear trains, load sharing devices aim to either; (1) accommodate deviations
from ideal geometry to eliminate the no load backlash, or (2) minimize the torque
required to bring the mesh with backlash into contact.. The three methods of load
sharing considered were (1) an epicyclic gear stage, (2) axial position of helical gears,
and (3) compliance between the splitting mesh gears and the combining mesh

pinions.

Rashidi [5] developed a mathematical model of a split torque gear train that includes a
pivoting beam. The pivoting beam acts to balance thrust loads produced by the
helical gear meshes in each of the two parallel power paths. When the thrust loads
are balanced, the torque is split evenly. The effects of time varying gear mesh
stiffness, static transmission errors, and flexible bearing supports are included in the

model.

White [6] analyzed split torque gearboxes as a lightweight alternative to planetary gear
trains in helicopters.  Helicopter planetary gears, commonly employed at the
reduction stage of the transmission, have reduction ratios no greater than 4.6:1. The
required higher reduction ratio is obtained with stepped pinions that bring a major
weight gain.  White’s alternative design adopts a double-helical gear at the output

stage. The gear brings the ability to fit pinions of greater length than diameter which,



in combination with reduced tooth loading, allows a speed ratio about twice that of a

simple planetary unit and concurrent reductions in gear weight and bearing weight.

1.2 Research Objectives

The major objective in this project is to analyze the bearing loads in a split path gear
train. Knowing the bearing loads at various torque splits allows the calculation of the
bearing stiffness and damping characteristics. The ability to calculate bearing
characteristics under various loading conditions is crucial for troubleshooting

machines that have a “back-to-back” gearbox arrangement.

The first step was to calculate the force vectors that helical and standard gear meshes
create. These force vectors are used to determine the moments on the drive shafts
which leads to the loads vectors on the bearings. The concepts of computing gear
mesh forces are presented in Chapter 2. A Visual Basic NET computer program is
also introduced in Chapter 2 that calculates bearing loads in a single reduction
gearbox. Chapter 3 goes a step further and explores the split path gear train. An
analytical method is developed that computes the torque split at a given clocking
angle and total input torque. The split path capability of the Visual Basic. NET
program is shown in Chapter 3 as well. Chapter 4 presents a study of the
Compressor Research Facility’s turbo machinery test stand located at Wright
Patterson Air Force Base. The test stand data is entered into the analytical model as
well as the Visual Basic. NET code. This information is currently being used to

troubleshoot high vibration in the high-speed gearbox in the CRF drive system.



Chapter 2

Bearing Loads in a Gearbox

2.1 Introduction

In most industrial rotating equipment, the shaft loads the bearings in the direction of
gravity. The shafts inside gearboxes have additional loading resulting from gear mesh
forces. The loading becomes more complex when helical gears are used instead of
spur gears. Helical gears have the benefit of transmitting heavier loads and higher
speeds. This is due to the fact that spur gears generate more vibration. Any variation
in a spur gear’s involute profile will occur across the whole tooth face at the same
time. This leads to a once-per-tooth excitation which can be very significant [7].
Helical gears can be applied for transformation of rotation between parallel or
crossed axes. Involute helical gears with parallel axes are most common in gearboxes

and will be considered in this report.

2.2 Concepts and Definitions

Helical gears that transform rotation between parallel axes in opposite directions are
in external meshing and are provided with tooth screw surfaces of opposite direction.
The direction of the tooth screw surface can be right-handed or left-handed. The
tooth shape is referred to as an involute helicoid, which can be formed by
unwrapping a parallelogram from a cylinder [8]. For meshing helical gears on parallel
shafts, the helix angle is the same on both gears. The initial contact between helical
gears occurs at a point. It increases to a line as teeth engage and more torque is

applied. The contact line is a diagonal across the face of the tooth. Figure 2.1



illustrates the helical gear nomenclature. The symbol Y/ represents the helix angle.

As the helix angle approaches zero, the gear becomes a spur gear.

The helical gear terms are defined as:

p: = transverse circular pitch
pn = normal circular pitch = p, cosy

P, = normal diametral pitch

The normal diametral pitch is related to the normal circular pitch by:

pb,=r
P, = Transverse Diametral Pitch = P, cosy

¢, = transverse pressure angle

¢, = normal pressure angle

It is important to note that ¢, # ¢, unless the helix angle is zero. They are related by

the equation:

t
cosy = —- @2-1)
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Figure 2.1
Helical Gear Nomenclature

In designing a gear, it is essential to analyze the magnitude and direction of the forces
acting upon the gear teeth, shaft, bearings, etc. In analyzing these forces, an idealized
assumption is made that the tooth forces are acting upon the central part of the tooth
flank. Helical gears transmit axial and transverse loads. When the axial loads are too

high or undesirable, two opposite helical gears mounted side by side are used. The



helical geat's transmission force, Fn, which is normal to the tooth surfaces, can be
resolved into a tangential component, F;, a radial component, I, and an axial
component, F,. The directions of these force components acting on a helical gear
mesh are shown in Figure 2.2. The following equations define the three force

components in terms of the resultant transmission force, Fj :

F =F,sing, 2-2)

F =F, cosg, siny (2-3)

F, =F, cosg, cosy (2-4)
Fn

Pitch Cylinder

Figure 2.2
Helical Gear Mesh Force Components



The following equations express the force components in terms of the tangential

forces, Equation 2-4:

t
F oo % pang 2-5)
cosy
F, =F, tany (2-0)
F
F =t 2-7)

=
cos¢, cosy

The direction of the axial force varies depending on which helical gear is right-
handed. Figure 2.3 shows the axial force directions for various combinations of
helical gears. The axial thrust sub-component from the drive gear equals the driven
geat's, but their directions are opposite. This rule also applies to the tangential

components, Fy, and radial components, F..

L T AL T —
E LH [—FA Drive 8 RH [ _ Drive
:E Teeth |- wheel {53 Teeth | wheel
=
= = |
I RH 4] Driven . LH === Driven
R Teeth a wheel [—f8 Teeth | wheel
T H 23 [~ 5
=
|
= ——a Toroe— -
Figure 2.3

Helical Gear Axial Force Directions



2.3  Visual Basic.NET Code

The program that was developed, named Gearbox Bearing Loads, is capable of
calculating the bearing loads in two different gear layouts. Visual Basic.NET is the
programming language of choice for this project because it can generate a Microsoft
Windows programs that has an efficient Graphical User Interface (GUI). The two
layouts are illustrated on the opening screen of the program in Figure 2.4. The “Gear
Layout 17 option is discussed in this section. The “Gear Layout 2” option is

explored in Chapter 3 when split path gear trains are discussed.

¥ Gearbox Bearing Loads EWEJEI
File Options Help
Gear Layoutl Bearing Locations] Shaft Mass] Gear Parametersl Resuﬂsl

« Gear Layout 1 © Gear Layout 2

NOTE: The blue objects represent flexible couplings

Diagrams---  Overall Gear Train | Shaft Mass Diagram | Force Vector Diagram

Figure 2.4
Gear Layout Option Screen
Gearbox Bearing Loads --Visual Basic.NET Program

10




The “Gear Layout 17 option represents a one-stage gear box with four bearings. The
gears may be spur, single helical, or double helical. The various gear types are located
in the “Options” menu located at the top of the program window. Figure 2.5 shows
the “Force Vector Diagram™ screen that defines the coordinate system and force
vectors for each bearing. This diagram can be displayed at any time by clicking on
the appropriate button on the bottom of the program window. The “Force Vector

Diagram” also indicates the positive input shaft rotation direction.

. Gearbox Bearing Loads

File O Help
Gear Layout | Bearing Locations | Shaft Mass | Gear Paramelersl Resullsl
Force Vector Diagram
Input Direction
(G Fx
Fy Fy
/ e D
A / \\
N
F2 Ex _ﬂ/ Fz Fx
& G{
Gear/
Py / Shaft 2
cl \\
Fz Fx
Diagrams--- Overall Gear Train | Shaft Mass Diagram | Force Vector Diagram
Figure 2.5

Force Vector Diagram for Gear Layout 1
Gearbox Bearing Loads --Visual Basic.NET Program

11



Figure 2.6 shows the screen where the user inputs the bearing locations. The inset

picture is used as a guide for the bearing distance. It is possible to input a negative

number for bearing distance if an overhung gear is desired. This same screen also

allows the user to define the angle between the two meshing gears. The program is

limited to a maximum angle “U” of 90 degrees and a minimum of 0 degrees.

% Gearbox Bearing Loads
File Options Help

Distance From...

Bearing "A" to Gear 1 ]r in.
Bearing "B" to Gear 1 r in.
Bearing "C" to Gear 2 ]r in.
Bearing "D" to Gear 2 112—_ in.

Distance From
Gear to Bearing

Gear Layout Bearing Locations | Shaft Mass | Gear Parameters| Results |

B=1ES

Angle "U" (deg) : |0

Diagrams---  Overall Gear Train

Shaft Mass Diagram

Force Vector Diagram

Figure 2.6

Bearing Location Input Screen for Gear Layout 1
Gearbox Bearing Loads --Visual Basic.NET Program
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The shaft mass can be entered as lumped masses with designated locations. Figure
2.7 shows the input screen for the lumped masses as well as the “Shaft Mass
Diagram” that defines the lumped mass distance from the bearings. The “Shaft Mass
Diagram” can be displayed at any time by clicking on the appropriate button on the

bottom of the program window. Negative values for the lumped mass distances are

allowed.
% Gearbox Bearing Loads
File  Cplions  Help

Gear Layou1| Bearing Locations Shaft Mass |Gear Parame‘l.er5| Resultsl

t® Shaft Mass Diagram

~Shaft 1 Lumped Masses (Ibs,in)

Mass 1: I15{} x1:|5
Mass 2: !{} x2:|0
Mass 3: !{} x3:|0

- Shaft 2 Lumped Masses (Ibs, in)

Mass 1: I15D x1:15
Mass 2: !{} x2: 10
Mass 3: !{} x3: 10

NOTE: View the Shaft Mass Diagram for more details

Diagrams---  Overall Gear Train | Shaft Mass Diagram | Force Vector Diagram

Figure 2.7
Shaft Mass Input Screen for Gear Layout 1
Gearbox Bearing Loads --Visual Basic.NET Program

13



The gear parameters are entered in the screen shown in Figure 2.8. The options on
this screen vary depending on what options were chosen. For instance, if the spur
gear type was chosen in the option menu, the helix direction drop-down menus
would not be visible. The inset gear image can be used as reference for choosing the
correct helix direction. If the “Metric” units menu option is chosen instead of the
“Standard” units, the Diametral Pitch input switches to a Module input. Diametral

Pitch (#teeth/in) and Module (mm) are inverses of one another.

¥ Gearbox Bearing Loads E|@E|

File Options Help

Gear Layouﬂ Bearing Locations] Shaft Mass | Gear Parameters | Resul‘lsl

i~ Input Options Gear 1  Gear 2
@ Norm. Diametral Pitch Known . l— l—
¢ Pitch Diameter Known Helix Angle (deq) [32.469 Helix Angle (deg) |32.469
] 9 g! )

Press Angle (deg): (20 Press Angle (deg): (20

Horsepower: [10000 Diametral Pitch(N/in) [7 Diametral Pitch(N/in) [7
RPM of Input Shaft : (493 # of Teeth : [32 # of Teeth : 250

RPM of Shaft 2: |3851.56 Helix: [Right Hand Helix: |Left Hand -

Right-Hand
Helix

Diagrams--- Overall Gear Train | Shaft Mass Diagram | Force Vectaor Diagram

Figure 2.8
Gear Parameter Input Screen for Gear Layout 1
Gearbox Bearing Loads --Visual Basic.NET Program
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When the “Results” tab is clicked, the Bearing I.oad subroutine is run and the results
are displayed as shown in Figure 2.9. The Visual Basic. NET code for the subroutine
is shown in Appendix A. The force analysis on the gear meshes uses the techniques
described in the first section of this chapter. Equations 2-5 and 2-6 are used in the
code to find the force components for each gear mesh. Moment calculations are
used to find the resultant force on each of the four bearings. The shaft weights are
calculated and displayed based on the lumped masses entered eatlier. The “Force

Vector Diagram” from Figure 2.5 can be displayed as reference when viewing the

results screen.

% Gearbox Bearing Loads

File Options Help

Gear Layout| Bearing Locations | Shaft Mass | Gear Parameters Results

- Total Shaft Weights (Ibs)—
-678.3798550 -1320.038628 1402.1604827 27.041084423 Shaft 250
-330.4448163 -1180.276245 1228.1183981 16.045117309

-815.0526623 10302762388 1313.6894498 38.347559780
1832.8773346 1179.0386220 2179.3511411 57.247959039

FORCES IN POUNDS ANGLES IN DEGREES

- Thrust Loads (lbs)

Shaft 1: |—15I]1 .255360850
Shaft 2: |15l}1 .2553608504

Diagrams---  Overall Gear Train | Shaft Mass Diagram | Force Vector Diagram

Figure 2.9
Bearing Loads Result Screen for Gear Layout 1
Gearbox Bearing Loads --Visual Basic.NET Program
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Chapter 3
Split-path Gear Trains

31 Introduction

In this report, a split path refers to a parallel shaft gearing arrangement, such as
shown in Figures 3.1 and 3.2, where the input pinion meshes with two gears, thereby
offering two paths to transfer power to the output gear. This split path is usually
built using two gearboxes in a “back-to-back” arrangement. But, for analytical
analysis, it does not matter how many gearbox housings are present. The split path

gear train has two speed reduction stages or two torque reduction stages.
3.2 Concepts and Definitions

In a gear mesh, the pinion is defined as the smaller of the two gears. The larger of
the two gears is referred to as a bull gear. The following gear arrangement is for a
split path gear train that increases speed and decreases torque. The input torque from
the drive motor is applied to the initial bull gear. The bull gear of the first stage
engages with two pinion gears. The power is split between these two pinions and
carried by two second stage bull gears. The two bull gears drive the second stage
pinion which is the output shaft. The design is similar to a planetary stage in that the
torque is shared among multiple paths. To create the torque split, one of the power
paths must have more torque than the other. This is achieved by leaving a
predetermined gap between the gear teeth in one of the power paths. If a torque split
of 0.50 is desired, and both power paths have the same stiffness, then all four gear

meshes should be in contact with each other when there is no load in the system. In

16



order to create more torque in one path, three meshes will be in contact while the
fourth mesh location will have some backlash. This can also be obtained by using a
vernier gear coupling on one of the quill shafts.! As more torque is applied to the
system, deformation will occur in the loaded path until the backlash at the fourth
mesh location is eliminated. Since torque was absorbed in the quill shaft to eliminate
the backlash, the load sharing will not be equal. The load sharing for this design will

also be affected if the stiffness factors of the two load paths are not matched.

The two power paths are identified as A and B as shown in Figures 3.1 and 3.2. The
clocking of a split path geartrain is an important attribute. For example, there are
certain clockings where the geartrain could not be assembled because some of the
gear teeth would interfere with one another. For this analytical section, the assembly
of the gear mesh and the mating of the gear teeth are not considered. If the initial
clocking angle gap is located in path A, then path B will initially carry more torque.
Therefore, the initial clocking angle equals the effective angle in path B minus the
effective angle in path A. Krantz [3] defined this effective angle as L.oaded Windup.
Equation 3-1 states the relationship between Loaded Windup in each path and the
clocking angle, B. The gear ratio, GR, of the input bull gear to each of its meshing

pinions is included in Equation 3-1 so that the torque values balance.

LWB — LWA
_ LWB=-LWA 3-1
B CR G-1)
LWA = Loaded Windup in path A = Z—A (3-2)
A
LWB = Loaded Windup in path B = ;—B (3-3)

B

' The vernier gear coupling arrangement is explained in more detail in chapter 4

17



y
Input Torque

f

Quill shafts are

hidden » X
PATH B
Output Pinion, fixed
from rotating L.
Figure 3.1

Split Path Gear Train -- Front View
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PATH A

Figure 3.2
Split Path Gear Train - Top View
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Figure 3.3 shows a conceptual plot of the torque in each path as the input torque is

increased. This plot represents a gear train that has paths of equal stiffness. The

torque in path B will initially equal the input torque until all the gaps are closed. As

the input torque is increased from this point, the gap will remain as the two lines

remain parallel. The torque split in path B is the ratio of torque in path B over the

total input torque. Although the torque lines have the same positive slope, the torque

split is approaching 0.50 as the total input torque increase. This conceptual plot is

verified in the next section. In addition, paths with different stiffness factors are

considered.

Torque in Each Path

Figure 3.3
Conceptual Plot of Split Path Torque

Total Input Torque, TroraL

Path B
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3.3 Analytical Model

An analytical method was developed to study split-path load sharing. In so doing, the
following assumptions were made:

1) 'The significant deformations that contribute to the loaded windups are
quill shaft torsion and gear shaft torsion.

(2) The effects due to gear tooth stiffness are insignificant compared to the
quill shaft and gear shaft torsional stiffnesses.

(3) Forces due to friction, thermal expansion, and inertia effects are negligible.

In this method the loaded windups of each load path are calculated for a given input
torque and a given load split between the two power paths. The calculated loaded
windups can then be used in Equation 3-1 to find the clocking angle 3. The
relationship between the clocking angle and load sharing can be established for a

given input torque.
It was unclear whether or not the stiffness of shaft 1 and shaft 3 would affect the
torque loading of the split path gear train. It is first necessary to state the

relationships of the different torque and angle values using simple gear ratio

operations:

T = (GR1 )732 3-4

Tpy = (GRz )733 3-9)

po=( Yon P 3-6)
po=( Yor, )P 3-7)
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Based on the definition of torque, the stiffness and torque equations are stated as:

71:k1(ﬂ1_ﬂ2) 3-9)
Tp2 :kz(ﬂ3 _ﬂ4) 3-9
Tyy = k3 s (3-10)

Substituting Equations 3-4, 3-5, 3-6, and 3-7:

lekl(ﬂl_ﬂz) 3-11)
Tl _ _ _
Skllon g ) 512
7, _ B )
G—R1—k3(GRz) ﬂ4 (3-13)

Rearranging Equation 3-13:

B —T—lz (3-14)
k,(GR,)*GR,

Rearranging Equation 3-12:

(GR ), ~ .= QR (3-15)

Substituting Equation 3-14 into Equation 3-15 and rearranging:

B, = + 4 (3-16)



The satisfying condition for the clocking angle is:
B, (GR,)= B, + B, (3-17)
Substituting Equations 3-16 and 3-14 into Equation 3-17 and rearranging:

P W1 & (3-18)
" k(GR,) k,(GR,)(GR,) k,(GR,)GR,

The last two terms in Equation 3-18 cancel each other leaving:

7

Bii = m

(3-19)

It is clear that the stiffness factors of shaft 1 and shaft 3 do not have an effect on the
torque loading of the gear train. Equation 3-19 is not a function of k1 , k3 , or GRo.
This means that it is irrelevant whether the load is held fixed or the secondary bull
gear is held fixed. This proof also indicates that Equation 3-1 will apply to all split

path gear trains.

Using Krantz’s expression for the clocking angle the torque in each path is derived.
Substituting Equations 3-2 and 3-3 into equation 3-1:

Ty _Ta ]
ﬂ(GR)—E i (3-20)

By definition:
T,=T7

—7, (3-21)

total

The torque in path A can be expressed in terms of the total input torque and the

torque in path B by substituting Equation 3-21 into Equation 3-20 and rearranging:

z.B _ (Ttotal B TB)
rA + B(GR) (3-22)
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Rearranging Equation 3-22 results in the expression for torque in path B:

_ kBTtotal + kAkBﬂ(GR)

k) k1 hy) -2

If the stiffness factors of each path are the same, then the equation for torque in path

B simplifies to:

_ 7’-total + ﬂ(GR)kB

Ty = 3-24
5=, > (3-24)
Using the same derivation as Equation 3-23, the torque in path A is found:
(Ttutal — 7’-A) T4
= — == B(GR
kg k, AGR)
kg +k
z, B 4 | Ciotal _ ﬂ(GR)
kBkA kB
_ kATtutal _ kBkAﬂ(GR) (3 B 25)

T, =
tokrky) (K k)

Next, the equation for the torque split in path B is derived. The definition of torque

split is:
. T
Torque Split, = (3-20)
total
Substitution Equation 3-23 into Equation 3-26:
. kB kAkB IB(GR)
Torque Split, = + (3-27)

(kA + kB ) z-total (kA + kB )
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The plot shown in Figure 3.4 was generated using Equation 3-24. This plot shows
how each path carries the torque when the stiffness factors in each path are equal.
The plots shown in Figures 3.5 and 3.6 were generated using Equation 3-23.
Arbitrary values of B, GR, and stiffness factors wetre used so that the torque splitting
effect could be visualized. The plot in Figure 3.5 represents the torque in each path
when path B has a higher value of stiffness. Initially, path B takes all the torque.
Once the clocking angle gap is closed in path A, path B continues to carry more of
the torque because it has a higher stiffness factor. Figure 3.6 shows the torque
relationship when path A has a higher stiffness factor. Again, path B takes all the
input torque until the clocking angle gap is closed in path A. The difference is that
the slope of path A is greater than the slope of path B due to the higher stiffness in
path A. At a certain input torque, the torque in path A will surpass the torque in path
B and continue increasing the gap. Having the ability to plot the torque relationship
between paths for given geometry will help designers choose the appropriate torque
split. If an equal torque split is desired, the same equations can be used to find the

desired clocking angle.
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Torque in Each Path

Torque in Each Path as a function of Total Input Torque
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. - - - Total Torque
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1.5 3 4.5 6 7.5 9 105 12 135 15 165
Total Input Torque, in-lbs

Figure 3.4

Split Path Torque -- Each torque path has identical stiffness
B = 0.02 radians , GR =5

Ka = 30 in-Ibs/rad , Kz = 30 in-lbs/rad



Torque in Each Path as a function of Total Input Torque
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18 A

16

14 A

Torque in Each Path
in-lbs

45 6 75 9 10.5

Total Input Torque, in-lbs

Figure 3.5

12 135

- - - - Total Torque
— —Path A
Path B

Split Path Torque -- Torque path B has greater stiffness than path A

B = 0.02 radians , GR = 5
Ka = 10 in-lbs/rad , Kg = 30 in-lbs/rad

Torque in Each Path as a function of Total Input Torque
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Figure 3.6
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Split Path Torque -- Torque path A has greater stiffness than path B

B = 0.02 radians , GR = 5
Ka = 30 in-lbs/rad , Kg = 10 in-lbs/rad



3.4 Computer Program Split Path Calculation

The Gearbox Bearing I oads computer program is capable of analyzing the bearing loads
in split path gear trains. Recalling from Chapter 2, the “Gear Layout 2” option on
the initial screen represents the split path gear train. It uses the same gear tooth force
algorithm that is used in the “Gear Layout 17 choice. In addition, the split torque
concepts described in this chapter are applied. Figure 3.7 shows the bearing and gear
arrangement used for “Gear Layout 2”. If the torque was evenly split (Torque Split =
0.50), then gears 2 and 5 would be completely unloaded. The forces introduced from
their mating gears would cancel out. The “Gear Layout 2” algorithm handles twelve

bearings instead of four. A segment of the Visual Basic NET code is located in

Appendix B.

Distance From Gear
to Bearing

Figure 3.7
Bearing and Gear Arrangement for Gear Layout 2
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The two force vector diagrams for “Gear Layout 27 are shown in Figure 3.8. These
diagrams define the force vector directions for each of the twelve bearings as well as
the input rotation direction. These two diagrams can be displayed at any time by
clicking on the appropriate buttons on the bottom of the program window. The

“Force Vector Diagram” also indicates the positive input shaft rotation direction.

i Gearbox Bearing Loads.

® Force Vector Diagram (Shafts 1,2,3)

J- [B]X]

GearL

I," % Fx
ok N e bl
" Gear/ | Fz
-7 Shaft1//f 1nput Direction N 7 Fx
Al ALy X
Fz

\ \ Fy
Fx "-._ - '|
F T Gear/
J . shaft2 | F |
c| - N Y Fx
Fz | X
-~ \
Ex Fy \ " Gear/ |
" shafts)/
EL- —_
Fz

Force Vector Diagram
(Shafts 4,5.6)

Diagrams--- Overall Gear Train | Shaft Mass Diagram

Forca Vector Diagram | Foree Vector Diagram
(Shafts 1,2,3) (Shafts 4,5,6)

Figure 3.8
Force Vector Diagrams for Gear Layout 2
Gearbox Bearing Loads Visual Basic.NET Program
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The bearing locations are entered in the screen shown in Figure 3.9. There are twelve
inputs instead of the four inputs for the “Gear Layout 17 option. The inset picture is
used as a guide for the bearing distance. It is possible to input a negative number for
bearing distance if an overhung gear is desired. This same screen also allows the user
to define the angle between the two meshing gears. There is an additional shaft
position angle input for the second gearbox. The angles “U” and “V” are limited to a

maximum of 90 degrees and a minimum of 0 degrees.

8 Gearbox Bearing Loads M [=1E3
File Options Help
Gear Layout | Bearing Locations | Shaft Mass| Gear Parameters | Results|
i Distance From... ¥
Bearing "A" to Gear 1 112— in.
Bearing "B" to Gear 1 1‘]2— in. gi:;i:;eg';:i:g
Bearing "C" to Gear 2 r in. &
Bearing "D" to Gear 2 112— in. u
Bearing "C" to Gear 3 112— in.
Bearing "F" to Gear 3 112— in.
Bearing "G" to Gear 4 1‘]2— in.
Bearing "H" to Gear 4 r in.
Bearing "I" to Gear 5 112— in.
Bearing "J" to Gear 5 112— in. .
Bearing "K" to Gear 6 1‘]2— in.
Bearing "L" to Gear 6 1‘]2— in. V
Angle"U" (deg): [0 Angle"V" (deg): o
Diagrams--- Overall Gear Train | Shaft Mass Diagram Furc(es:.‘f:fcttéug,g‘ig?ram FDrc(BS:‘/:g;U;Ig,ig?ram

Figure 3.9
Bearing Location Input Screen for Gear Layout 2
Gearbox Bearing Loads Visual Basic.NET Program
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The gear parameters are entered into the screen shown in Figure 3.10. This split path
layout has additions to the gear parameter screen in “Gear Layout 1. One difference
is the torque split that is entered into this screen. The value of torque split is

calculated using the analytical model derived in section 3.5 of this chapter. Another

addition is the ability to enter parameters for six gears instead of two.

% Gearbox Bearing Loads

File Options Help

i~ Input Options
(" Pitch Diameter Known

Horsepower: |50
RPM of Input Shaft : |493

RPM of Shafts 1,3,4,6: |3851.56

Torque Split* : |56

@ Norm. Diametral Pitch Known

Right-Hand
Helix

Gear Layout| Bearing Locations | Shaft Mass : Gear Parameters. Resu[‘lsl

~Gear 1

Helix Angle (deg) [32.460
Press Angle (deqg): ]20—
Diametral Pitch(Nfin) [7

#ofTesth:[32
Helix: [Right Hand |

Gear 4

) 2
Helix Angle (deg) [32.460
Press Angle (deg): ]2[]—
Diametral Pitch(N/in) [7
#of Teeth: [250

Helix: [Right Hand |

~Gear 2

Helix Angle (deg) [32.460
Press Angle (deg): ]20—
Diametral Pitch(Nfin) [7

#of Teeth: 250
Helix: [Left Hand |

Gear 5

i) 2
Helix Angle (deg) [32.460
Press Angle (deg): ]2[]—
Diametral Pitch(N/in) [7
#ofTeeth:[32

Hel: [LeftHand |

*NOTE: Torque Split is the percentage of torque applied to shafts 1 and 4

~Gear 3

Helix Angle (deg) [32.460
Press Angle (deg): ]20—
Diametral Pitch(Nfin) [7

#ofTesth: [32
Helix: [Right Hand |

Gear 6

i) 2
Helix Angle (deg) [32.460
Press Angle (deg): ]2[]—
Diametral Pitch(N/in) [7
#of Teeth: [250

Helix: [Right Hand |

Diagrams---

Overall Gear Train

Shaft Mass Diagram

Force Vector Diagram

(Shafts 1,2,3)

Force Vector Diagram
(Shafts 4,5,6)

Figure 3.10

Gear Parameter Input Screen for Gear Layout 2
Gearbox Bearing Loads Visual Basic.NET Program
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When the “Results” tab is clicked, the Bearing I.oad subroutine is run and the results
are displayed as shown in Figure 3.11. A segment of the Visual Basic. NET code for
the subroutine is shown in Appendix B. The value of Torque Split entered in the
“Gear Parameter” screen is used to calculate the percentage of total torque in each
path. The force analysis on the gear meshes uses the techniques described in chapter
2. Equations 2-5 and 2-6 are used in the code to find the force components for each
gear mesh. Moment calculations are used to find the resultant force on each of the
four bearings. The shaft weights are calculated and displayed based on the lumped

masses entered earlier. The “Force Vector Diagrams” from Figure 3.8 can be

displayed as reference when viewing the results screen.

M Gearbox Bearing Loads

File Options Help
Gear Layout| Bearing Locations | Shaft Mass| Gear Parameters RESUHS
FORCES IN POUNDS  ANGLES IN DEGRE
] - Total Shaft Weights (lbs) —
A -48.66280887 -223.8887915 220.11625857 12.262655679 o 1:’557
B -97.25253615 -169.34?5874 195.??176489 29.868519225 e
c 56.305991721 -51.39788652 76.237178873 47.609184540 shat a0
D -25.03841778 35.876040065 43.749420804 34.911756641
E 38.235064115 -16.50458171 41.645183030 66.652031488 st
E 76.412706978 132.25780145 152.74497645 30.017421749 fant
G 133.63344572 0.6963185180 35.008245092 73.918057036 Shaft 6: 161
H 14.956281558 21.507303334 26.270399109 34.702868473
I 0.3203403189 -101.1024840 101.10209158 0.1815394253 plloesiir sl ——
J 3.6819091446 -8.174719878 8.9656288144 24.246890569 Shaft 1: [215.2199685315
K 26.426278781 -177.3894015 179.34700444 8.4732240173 Shaft 2: [384.32137237772
L -11.75136408 -17.62701841 21.185049822 33.600109091 Shat 3: [-169.1014038461
Shaft 4: (27 548155072035
Shaft 5: [-49.19313566434
Shaft 6: [21.644979692313
Diagrams—-— Overall Gear Train | Shaft Mass Diagram Fum(es‘;‘l:fc:;n;,[z),ig?ram ch(esx:;;ﬂ;,gjg?mm

Figure 3.11
Bearing Loads Result Screen for Gear Layout 2
Gearbox Bearing Loads Visual Basic.NET Program
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Chapter 4
Case Study: CRF Test Stand

41 Introduction

The inspiration for this report is a turbo machinery test stand located in the
Compressor Research Facility (CRF) at Wright Patterson Air Force base in Dayton,
Ohio. The test stand consists of two large DC motors connected to two gearboxes in
a “back-to-back” arrangement. Power is transmitted between the gearboxes by two
quill shafts. The gear train arrangement is shown in Figure 4.1. FEach quill shaft
represents a different torque path. The gearboxes were designed during the 1960’s
and there has not been much research into this type of split-path gearbox recently.
The CRF test stand has never achieved its design speed of 30,000 RPM according to
information supplied by the engineers involved with the operation. One of the
gearboxes operated at the CRF is thought to be one of the sources of the difficulty.
This gearbox, known as High Speed Gear Box III (HSGB III), was received in the
1970's from Philadelphia Gear Corporation. It has seldom been run at speeds above
24,000 RPM because of excessive motion at the journal bearings that support the
shafts and gears. Preliminary data acquired in 1998 by Air Force personnel indicated
that the problems with HSGB III might have been related to resonances in the

gearbox.

A former work performed by the University of Dayton Research Institute (UDRI)
was to augment the data measured by the Air Force and to determine what changes
might be required to enable the gearbox to achieve its design speed. The overall
conclusion of that work ( Sept., 1999) was namely that the problem was thought to

be a resonance in the drive system quill shafts and that by stiffening one key
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component, the resonance frequency would move outside the operating speed range.
The implementation of that fix was made and the information provided was that it

did not solve the problem.

Additional data has been taken by WPAFB in August 2001 and more extensive data
reported by Bently Nevada in a report dated 28 November 2001. These reports
indicate a possible resonance or other source of excessive vibration above 16,000 rpm
for the reverse direction operation of HSGB III. Variations of torque split in the two
drive shafts were also made with some improvement but other related problems. A
change of the high speed pinion bearing design was one recommendation made in

that report. No analysis was provided to support the recommendation.

High Speed Gear Box Il (HSGB IlI)

Low Speed Gear Box

Figure 4.1
CRF Test Stand Gear Train

Once the CRF vibration problem was introduced to Virginia Tech, the first goal was
to verify that the models of the system were consistent. The High Speed Pinion was

modeled in two separate rotor dynamics analysis programs. DyRoBeS [9] uses a
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finite element code to solve the system. VT-FAST [10] uses a code that solves the
system incrementally along the shaft. Table 4.1 shows a sample of the results from
the two different programs. The results from DyRoBeS and VT-FAST were
consistent with each other so either program could be used in confidence. The
preference was to use DyRoBeS and its companion program BePerf [11] (used for
bearing analysis). All the shafts in the CRF drive train were subsequently analyzed in
DyRoBeS.

TABLE 4.1 -- Comparison Between DyRoBeS and VT-FAST Software

log dec Damped Natural Freq Whirl Direction
(rpm)
[IDyRoBeS 0.55 16,372 Stable Forward
VT-FAST 0.5468 16,304 Stable Forward
%6 difference -0.58 % -.041 % --

NOTE: % difference is defined as
(DyRoBeS — VT-FAST) / VT-FAST x 100

The DyRoBeS model of the High Speed Pinion is shown in Figure 4.2. The bearings
are estimated for the initial model because the bearing profile was unknown. At this
point the bearings were only known to be 4 lobed. The drive coupling that connects
the H.S. Pinion to the output shaft (jackshaft) is modeled as lumped masses. The
masses are shown as circles on the right side of the model in Figure 4.2. The loading
applied to the bearings caused by the torque split was not calculated. This simplified
model gave useful initial results of the critical speeds, forced response to unbalance,

and stability.
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Drive
Coupling

Figure 4.2
High Speed Pinion Shaft DyRoBeS Model
with jackshaft coupling weight

Figure 4.3 shows the forced response at various locations along the High Speed

Pinion.

This model uses estimates for the bearing profiles and loading. There

appears to be a critical speed located between 28,000 — 30,000 rpm. The unbalance

was placed at the coupling end and that explains the high magnitude of response on

that end.
I— Coupling End
0040 . ‘ . i (14 Ibs)
Qutput-End
0032 Bearing
R R T g R e
E Input End of
& Input-End Shaft
2 Bearing
2 0016
0.008
LU 8000 16000 24000 32000 40000

Rotational Speed (rpm)

Figure 4.3
Multiple Station Forced Response with
estimated bearing loading
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One of the improvements to the model was to obtain an accurate bearing profile for
the High Speed Pinion bearings and the bull gear/shaft bearings. Once Virginia Tech
had possession of the bearings, the profiles could be accurately measured. An inside
micrometer was used to measure the inside diameter of each bearing at 6 positions
around the circumference. At each position there was an identifiable mark or
characteristic so that the measurements could be repeated. This method was
successful for measuring the bull gear/shaft bearing since the profile was cylindrical.
The inner diameter is constant at 6.2583 inches. In addition, there are two pockets

that are 20 degrees each. The pocket depth is 0.185 inches.

The initial measurements taken on the HS pinion shaft bearing were not detailed
enough to be used for analysis. The HS Pinion bearing is a four-lobe bearing so the
profile is more complicated. A protractor was used to mark off 5 degree increments
all the way around the bearing. Diameter measurements were taken at every mark.
This resulted in four segments that should theoretically be the same. This made it
easier to check the repeatability of the readings. The data was entered into excel and
created a bearing profile “chart”. The bearing profile is shown in Figure 4.4. The
measured data looks smoother in over some lobes than others. In this case the
smoothest data was chosen, and the jagged measurements were discarded. There are

four pockets that are 20 degrees each. The pocket depth is roughly 0.19 inches.
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Figure 4.4
High Speed Pinion Shaft Bearing Profile

Although the bearing profile was mapped out, the parameters to enter into BePerf
(the bearing analysis program) were still needed. BePerf has inputs such as preload,
offset, and radial bearing clearance. BePerf uses an analytical profile curve when
calculating bearing characteristics. This analytical profile curve of a 4-lobe bearing is
thought to be well defined as an equation in the rotor dynamics industry. The film

thickness is expressed as a function of the pad clearance by:
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h(@):Cp—rp cos(6, + ay —6)—xcos@ — ysiné (“4-1)
where :

C » = Lobe radial clearance

r,=0%*C,

0 = preload

0, =angle to leading edge
o = offset

x = angular extent of lobe

Preload is an internal loading characteristic in a bearing which is independent of any
external radial and/or axial load carried by the bearing. It is a dimensionless quantity
that is typically expressed as a number from zero to one where a preload of zero
indicates no bearing load upon the shaft, and one indicates the maximum preload

(i.e., line contact between shaft and bearing).

A MATLAB [12] program was created that would plot the measured bearing profile
data points on top of the analytical profile curve. The program gave us the ability to
change the offset and preload values of the analytical curve until it matched the
measured bearing profile. Figure 4.5 shows the final Matlab plot. The red circle
represents the shaft. The shaft radius is set to 10 mils so that the bearing profile
curves could be relatively large and easy to compare. The Matlab code used to create
this plot is located in Appendix C. Using this program and the bearing
measurements, the BePerf bearing analysis program for the High Speed Pinion
Bearings could be run confidently. A comparison of characteristics between the

estimated bearing and measured bearing is shown in Table 4.2.
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Cp = 8 mils; Preload = 0.75; chi = 1.5708; offset = 1.14

Figure 4.5
Matlab plot used to match measured bearing profile
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Table 4.2

BePerf Approximate and Improved Bearing Properties

N = 25,000 rpm

Approximate Profile Accurate Profile
D 3.75in 3.751n
L 2.00in 1.751in
Cb 0.003in 0.00235 in
L/D 0.53 0.4667
Tin 110° F 120° F
Load 75.0 Lbf 75.0 Lbf
Eccen. Ratio 0.026 0.026
Attitude Angle | 46.2° 17.85°

KXxx 0.755E+06 Lbfflin 0.1167E+0Q7 Lbflin

Kxy 0.7E+06 Lbffin 0.3752E+06 Lbffin

Kyx -0.7E+06 Lbffin -0.3746E+06 Lbffin

Kyy 0.758E+06 Lbffin 0.1167E+Q7 Lbffin

Cxx 564 Lbf-secfin 311.53 Lbf-secin

Cxy -0.147 Lbf-sec/in -0.2505E-01 Lbf-sec/in
Cyx -0.147 Lbf-seclin -0.2505E-01 Lbf-secfin
Cyy 564 Lbf-sec/in 311.57 Lbf-seclin

Lobe Start 55°, 145° |, 235° , 325° 10°, 100°, 190°, 280°
Lobe End 125°, 215°, 305°, 395° 80°, 170°, 260°, 350°
Land deg 70° 70°

Preload 0.6 0.75

Offset 0.8 1.14

4.2  Analytical Model Comparison

The CRF test stand bearing loading is calculated using the Visual Basic.Net program
shown in Chapter 3. An accurate torque split value must be entered into the program
to get useful results. The torque split is analyzed with the analytical method derived
in Chapter 3. The stiffness factors in each power path are two of the constants that

need to be computed. Table 4.3 shows the stiffness factors of different sections of
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each power path. The total stiffness is the equivalent stiffness of multiple springs in

series:

K = -2
TOTAL 1 1 1 1 (4 )

Table 4.3 Stiffness Factors in each Path of the CRF test stand

Stiffness, K (in-lb/rad)
PATH A PATH B

Bull Gear (HSGB3) 86.9 E+6 77.8 E+6
HS Pinion (LSGB) 569 E+6 569 E+6
Quill Shaft

Shaft 61.0 E+6 61.0 E+6

Coupling Rigid #3 1330 E+6 1330 E+6

Coupling Rigid #4 233 E+6 233 E+6
TOTAL
STIFFNESS* 2.882 E+7 2.772 E+7

* Total Stiffness is not a summation. Equation 4-2 is used for total.

The significant difference in geometry between paths A and B is the high speed bull
gear. The only other difference is a vernier gear located in Path A. Specifically, the
vernier gear is located at the quill shaft coupling near the low speed gear box. This
vernier gear allows the operator to change the torque split manually. The gear teeth
inside the vernier gear assembly allow the operator to change the angular position of

the quill shaft relative to the pinion gear in the low speed gear box. Due to this
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arrangement, the four main gear meshes are in contact at all times. This is slightly
different than the conceptual model in Figure 3.1 where the clocking angle is a gap at
one of the four gear meshes. In the CRF test stand, the clocking angle is measured at
the vernier gear coupling. Analytically it does not matter where the clocking angle is

measured.

Using the stiffness factors in Table 4.3, the torque in each path was calculated and
plotted. Figure 4.6 shows the torque in each path as the total input torque is
increased from zero. A clocking angle of 0.03 radians was used for this plot. The
system horsepower changes drastically depending on the turbo machinery equipment
being tested. The input power for the CRF test stand is between 5,000 HP and
15,000 HP under most operating conditions. Figure 4.6 points out the difference in
torque between path A and path B with an input of 10,000 HP. Horsepower (HP) is

related to torque (in-1b) using the following equation:

HP 24
Input Torque = # (in - lbs)

Figure’s 4.7 and 4.8 show the effects of increasing the clocking angle. Figure 4.7 was
generated using Equation 4-6 while fixing the Total Input Torque as a constant. The
plot in Figure 4.8 was generated using Equations 4-3 and 4-5. Using these plots, the

operator at the CRF can chose the appropriate clocking angle for the vernier gear.
Figure 4.9 shows the final bearing parameters and the BePerf model. Notice the load

vector, W, is not in the direction of gravity. The resultant bearing load is entered into

BePerf directly from the Gearbox Bearing ILoads Visual Basic. NET program.
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Torque in Each Path
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Figure 4.6

Torque split plot using the CRF gear train parameters
B = 0.03 radians , GR = .286549

Ka = 28820000 in-lbs/rad , Kg = 27720000 in-Ibs/rad
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Torque Split as a Function of Clocking Angle
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Figure 4.7

Torque Split in Path B as a Function of Clocking Angle
CRF gear train parameters
Total Input Torque = 1278000 in-lbs , GR = .286549
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Figure 4.8

Torque in Each path as a Function of Clocking Angle
Total Input Torque = 1278000 in-lbs , GR = .286549
Ka = 28820000 in-lbs/rad , Kg = 27720000 in-Ibs/rad
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High Speed Pinion Bearing - 10 HP bearing load - 56/44 split
Y

Bearing Data
L=175in
D=375in

Cb =0.00235in
Preload = 0.75
Offset =1.14

Theta1=10
Theta2= 80 o 0
Load Angle = 290.374 :

Figure 4.9
BePerf Bearing Diagram Updated with Correct Loading Vector

Figure 4.10 shows the forced response of the H.S. Pinion with the correct bearing
profiles and bearing loading vector. A Total Input Torque of 1278000 in-lbs is used
for most of the analyses run on the DyRoBeS model. This is a likely value based on
data taken from the CRF. Note the differences between the estimated model used in
Figure 4.3 and the accurate model used in Figure 4.10. There is no backward whirl
predicted from the forced response analysis of the high speed train. Figure 4.11
shows the forced response in a 3D orbit view. This analysis was done using a

horsepower of 10,000.
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Figure 4.10

Multiple Station Forced Response
Total Input Torque = 1278000 in-Ibs
10,000 Horsepower

Shaft Response - due to shaft 1 excitation
Rotor Speed = 25000 rpm, Response - FORWARD Precession
Max Orbit at stn 18, substn 1, with a = 0.0048556, b = 0.0047942

Figure 4.11
3D Forced Response
10,000 HP, 0.56 Torque Split
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Sensitivity plots are useful for seeing the effects of changing parameters in a model.
Figure 4.12 is a sensitivity plot that compares the effects due to changes in bearing
support stiffness. The bearing support stiffness can also be thought of as the
gearbox shell or frame stiffness. Note how the response magnitude increases as the
support stiffness decreases. In addition, the critical speed decreases as the stiffness
decreases. It is desirable to have a very stiff support or frame on this gearbox. There
is no data from the CRF that indicates the actual stiffness of the gearbox. The results
from the sensitivity plot in Figure 4.12 are summarized in Table 4.4. Figure 4.13 is a
plot of the sensitivity to changes in bearing load. Bearing load can be changed by
altering the torque split on the quill shafts. There is not much difference in response
until the torque split is very drastic (70/30). Although a torque split of 0.70 is
considered drastic, a torque split of .73 was run on the CRF test stand at one point

during testing. The results from the sensitivity plot in Figure 4.13 are summarized in

Table 4.5.
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Sensitivity Plot — Changes in Support Stiffness
Peak-to-peak Response - Station 12 of DyRoBeS Model
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Chapter 5

Conclusions and Recommendations

5.1 Conclusions

The purpose of this investigation was to better understand split path transmission
load sharing. This knowledge has been and will continue to be used to analyze the
CRF drive system gearboxes in order to reduce excessive vibration. The following

two conclusions are based on the split path concepts in Chapter 3:

e The torque split is not affected by the stiffness or windup of any sections
(shafts, gears, bearings, etc.) outside of the two split power paths.

e If the stiffness factors of both paths are the same, the difference in torque
between the two paths does not change as the total input torque increases.

The slope of the two paths are identical.

The following conclusions result from the CRF drive system analysis:

e There is no backward whirl predicted from the forced response analysis of the
high speed train.

e The forced response is very sensitive to changes of stiffness in the HSGB III
pinion bearing supports. Higher stiffness is desirable as it raises the critical
speed and lowers the vibration amplitudes of the pinion bending mode.

e HSGB III pinion analysis has revealed several well damped modes in the
operating speed range. One suspect mode is a pinion free-free mode that is
very sensitive to bearing pedestal flexibility and amplifies if the pedestal

stiffness is reduced from a typical rigid assumption.
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e Increasing the pinion bearing load by changing the gear torque split lowers the
vibration levels by only 16% for the highest load considered.
e Increasing the pinion bearing load is predicted to raise the pinion bending

critical speed by only 1500 rpm for the highest load considered.

5.2 Recommendations

From the experience of this research, the following recommendations on future work

are suggested:

e Consider the gear tooth stiffness in split path gear train analysis. This would
decrease the stiffness factor of each path. In the case considered in this report
the gear tooth stiffness was insignificant. Gear tooth stiffness may have a
significant impact on the path stiffness factors in a split path transmission with
no quill shafts.

e Improve the Gearbox Bearing Ioads program by adding the capability to arrange
the gear shafts beyond the 90 degree relative position.

e Investigate the possible occurrence of synchronous thermal instability
produced by the current lightly loaded 4-lobe drive end bearing.

e Design a tilting pad bearing for optimum performance to replace the current
fixed geometry insert bearing on the HSGB I1I pinion shaft.

e Investicate the possible occurrence of synchronous thermal instability
produced by the new tilting pad bearing design on the drive end pinion
bearing location.

e Additional detailed examination of the HSGB III gear and pinion vibration,
from actual runs and/or taped data, is requited to better identify the

characteristics of the high vibration excursions.
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e Investigate other possible thermal instability sources in high speed and high

load double helical gear designs.
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Appendix A

Gearbox Bearing Loads: Gear Layout 1
Visual Basic. NET Code Segment
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' This Subroutine is for Gear Layout 1

Sub LoadCalc1(ByVal HP As Double, ByVal RPM As Double, ByVal torque_ratio As Double, _
ByVal pd0 As Double, ByVal pd1 As Double, _
ByVal pnl As Double, ByVal pn2 As Double, ByVal hel_degl As Double, ByVal hel_deg2 As Double, _
ByVal phiN_degl As Double, ByVal phiN_deg2 As Double, ByVal N1 As Double, _
ByVal N2 As Double, ByVal Theta As Single, ByVal BearingDistA As Double, _
ByVal BearingDistB As Double, ByVal BearingDistC As Double, _
ByVal BearingDistD As Double, ByVal WeightA As Single, ByVal WeightB As Single, _
ByVal WeightC As Single , ByVal WeightD As Single, _
ByVal singlehelical As Boolean, ByVal oneGLoadYes As Boolean, ByVal pdknown As Boolean, _
ByVal SiChecked As Boolean, ByVal HelixDirection1 As String)

Dim pn(2), N(2), phiN_deg(2), phiT_rad(2), hel_deg(2), i As Double

Dim pd(2), phiN_rad, hel_rad, input_torque, torquel, torque3 As Double

Dim F21_t, F21_r, F21_a, F12_t, F12_r, F12_a, H, Direction As Double

Dim R_2C(2, 0), R_DC(2, 0), F12(2, 0), R_1A(2, 0), R_BA(2, 0), F21(2, 0), _
R_2C_x_F12(2, 0), R_DC_x_F12(2, 0), R_1A_x_F21(2, 0), R_BA_x_F21(2, 0) As Double
Dim pi As Double = Math.PI

' Gear 1 parameters

pn(0) = pnl ' The normal diametral pitch

N(0) = N1 ' The number of teeth

phiN_deg(0) = phiN_degl ' The normal pressure angle (degrees)
hel_deg(0) = hel_degl ' The helix angle (degrees)

pd(0) = pd0 ' The pitch diameter (if known)

' Gear 2 parameters
pn(1) = pn2

N(1) =N2

phiN_deg(1) = phiN_deg2
hel_deg(1) = hel_deg2
pd(1) = pdl

' Convert from Sl to Standard if Necessary

If SiChecked = True Then
BearingDistA = BearingDistA * 39.3700787
BearingDistB = BearingDistB * 39.3700787
BearingDistC = BearingDistC * 39.3700787
BearingDistD = BearingDistD * 39.3700787

WeightA = WeightA * 2.2046226
WeightB = WeightB * 2.2046226
WeightC = WeightC * 2.2046226
WeightD = WeightD * 2.2046226

Fori=0To1l
pd(i) = pd(i) * 39.3700787
pn(i) = (25.4 / pn(i))

Next

End If

" Find out which options are chosen by the user

If singlehelical = False Then
hel_deg(0) =0
hel_deg(1) =0

End If

If pdknown = False Then
pd(0) = N(0) / (pn(0) * Cos(hel_deg(0) * pi / 180)) ' Pitch diameter for gear 1
pd(1) = N(1) / (pn(1) * Cos(hel_deg(1) * pi / 180)) ' Pitch diameter for gear 2
End If



' Check Helix Direction

If HelixDirection1 = "Right Hand" And singlehelical = True Then
H=-1

Else
H=1

End If

' Check Rotation Direction
If RPM >0 Then
Direction=1
Else
Direction = -1
End If

' Transverse pressure angles for gears 1 and 2 (radians)
phiT_rad(0) = Atan((Tan(phiN_deg(0) * pi / 180)) / (Cos(hel_deg(0) * pi / 180)))
phiT_rad(1) = Atan((Tan(phiN_deg(1) * pi / 180)) / (Cos(hel_deg(1) * pi / 180)))

' Calculate Torque split from horsepower and speed
input_torque = Abs((HP * 5252 / RPM) * 12)
RPM2 = (RPM/ (N1/N2))

' Force Calculations

F12_t = input_torque / ((pd(0)) / 2)
F12_r=F12_t* Tan(phiT_rad(0))
F12_a=H*F12_t* Tan(hel_deg(0) * pi / 180)

Dim F12_tx As Double = -Direction * F12_t * Sin(Theta * pi / 180)
Dim F12_ty As Double = Direction * F12_t * Cos(Theta * pi / 180)
Dim F12_rx As Double = F12_r * Cos(Theta * pi / 180)
Dim F12_ry As Double = F12_r * Sin(Theta * pi / 180)

F21 a=-F12_a

Dim F21_tx As Double = -F12_tx
Dim F21_ty As Double = -F12_ty
Dim F21_rx As Double = -F12_rx
Dim F21_ry As Double = -F12_ry

' Moment Balance about Bearing C

(-pd(1) / 2) * Cos(Theta * pi / 180)
(-pd(1) / 2) * Sin(Theta * pi / 180)
earingDistC

2
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-(BearingDistC + BearingDistD)

F12(0, 0) = F12_rx + F12_tx : F12(1, 0) = F12_ty + F12_ry : F12(2,0) = F12_a
' Moment Balance about Bearing A

(pd(0) / 2) * Cos(Theta * pi / 180)

(pd(0) / 2) * Sin(Theta * pi / 180)

-BearingDistA
0
0

-(BearingDistA + BearingDistB)

F21(0, 0) = F21_rx + F21 tx:F21(1,0)=F21 ty + F21 ry:F21(2,0)=F21_a

'Mutiply Vectors

R_2C_x_F12 = cross(R_2C, F12)
R_1A x_F21 =cross(R_1A, F21)

' Xand Y Force components on Bearing D
Fy(3) = R_2C_x_F12(0, 0) / -(BearingDistC + BearingDistD)



Fx(3) =R_2C_x_F12(1, 0) / (BearingDistC + BearingDistD)
' Xand Y Force components on Bearing B

Fy(1) = R_1A_x_F21(0, 0) / -(BearingDistA + BearingDistB)
Fx(1) =R_1A x_F21(1, 0) / (BearingDistA + BearingDistB)

' Solve for remaining components

Fx(2) = -F12(0, 0) - Fx(3)
Fy(2) = -F12(1, 0) - Fy(3)
Fz(2) =-F12(2, 0)
Fz(3) =Fz(2)
Fx(0) = -F21(0, 0) - Fx(1)
Fy(0) =-F21(1, 0) - Fy(1)
Fz(0) =-F21(2, 0)
Fz(1) = -Fz(0)
Fori=0To3

Fy(i) = -Fy(i)

Fx(i) = -Fx(i)
Next

'Check to see if the user chose the 1G load option
If oneGLoadYes = True Then
Fy(0) = Fy(0) - WeightA

Fy(1) = Fy(1) - WeightB

Fy(2) = Fy(2) - WeightC

Fy(3) = Fy(3) - WeightD
End If

R(0) = Sqrt(Fy(0) * 2 + Fx(0)  2)
R(1) = Sart(Fy(1) ~ 2 + Fx(1) ~ 2)
R(2) = Sqrt(Fy(2) * 2 + Fx(2) * 2)
R(3) = Sqrt(Fy(3) " 2 + Fx(3) " 2)
Angle_deg(0) = (Acos(Abs(Fy(0)) / R(0))) * 180 / pi
Angle_deg(1) = (Acos(Abs(Fy(1)) / R(1))) * 180 / pi
Angle_deg(2) = (Acos(Abs(Fy(2)) / R(2))) * 180 / pi
Angle_deg(3) = (Acos(Abs(Fy(3)) / R(3))) * 180/ pi

' Convert Results back to S if necessary
If SiChecked = True Then

Fori=0To3
Fx(i) = Fx(i) * 4.4482216
Fy(i) = Fy(i) * 4.4482216
Next

Fori=0To1l
Fz(i) = Fz(i) * 4.4482216
Next
End If

End Sub
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Appendix B

Gearbox Bearing Loads: Gear Layout 2
Visual Basic. NET Code Segment
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' Gear 1 parameters

pn(0) = pnl ' The normal diametral pitch

N(0) = N1 ' The number of teeth

phiN_deg(0) = phiN_degl ' The normal pressure angle (degrees)
hel_deg(0) = hel_degl ' The helix angle (degrees)

pd(0) = pd0 ' Pitch Diameter

' Gear 2 parameters
pn(1) =pn2

N(L) =N2

phiN_deg(1) = phiN_deg2
hel_deg(1) = hel_deg2
pd(1) = pdl

' Gear 3 parameters
pn(2) = pn3

N(2) =N3

phiN_deg(2) = phiN_deg3
hel_deg(2) = hel_deg3

pd(2) = pd2

' Gear 4 parameters
pn(3) = pnd

N(3)=N4

phiN_deg(3) = phiN_deg4
hel_deg(3) = hel_deg4

pd(3) = pd3

' Gear 5 parameters
pn(4) = pn5

N(4) = N5

phiN_deg(4) = phiN_deg5
hel_deg(4) = hel_deg5

pd(4) = pd4

' Gear 6 parameters
pn(5) = pn6

N(5) = N6

phiN_deg(5) = phiN_deg6
hel_deg(5) = hel_deg6

pd(5) = pd5

' Convert from Sl to Standard if Necessary

If SiChecked = True Then
BearingDistA = BearingDistA * 39.3700787
BearingDistB = BearingDistB * 39.3700787
BearingDistC = BearingDistC * 39.3700787
BearingDistD = BearingDistD * 39.3700787
BearingDistE = BearingDistE * 39.3700787
BearingDistF = BearingDistF * 39.3700787
BearingDistG = BearingDistG * 39.3700787
BearingDistH = BearingDistH * 39.3700787
BearingDistl = BearingDistl * 39.3700787
BearingDistJ = BearingDistJ * 39.3700787
BearingDistK = BearingDistK * 39.3700787
BearingDistL = BearingDistL * 39.3700787

WeightA = WeightA * 2.2046226
WeightB = WeightB * 2.2046226
WeightC = WeightC * 2.2046226
WeightD = WeightD * 2.2046226
WeightE = WeightE * 2.2046226
WeightF = WeightF * 2.2046226
WeightG = WeightG * 2.2046226
WeightH = WeightH * 2.2046226
Weightl = Weightl * 2.2046226
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WeightJ = WeightJ * 2.2046226
WeightK = WeightK * 2.2046226
WeightL = WeightL * 2.2046226

Fori=0To5
pd(i) = pd(i) * 39.3700787
pn(i) = (25.4/ pn(i))

Next

End If

' Find out which gear type the user chose

If singlehelical = False Then
hel_deg(0)

OO OO oo

' Pitch Diameter Calculations
If pdknown = False Then

Fori=0To5
pd(i) = N(i) / (pn(i) * Cos(hel_deg(i) * pi / 180))
Next
End If

' Check Helix Direction

If HelixDirection2 = "Right Hand" And singlehelical = True Then
H2=-1

Else
H2=1

End If

If HelixDirection5 = "Left Hand" And singlehelical = True Then
H5=-1

Else
H5=1

End If

' Check Rotation Direction
If RPM >0 Then
Direction=1
Else
Direction = -1
End If

' Transverse pressure angles for gears 1 and 2 (radians)
Fori=0To5

phiT_rad(i) = Atan((Tan(phiN_deg(i) * pi / 180)) / (Cos(hel_deg(i) * pi/ 180)))
Next

' Calculate Torque split from horsepower and speed
input_torquel = Abs((HP * 5252 / RPM) * 12)
RPM2 = (RPM/ (N1/N2))

input_torque2 = Abs((HP * 5252 / RPM2) * 12)
torquel = torque_ratio * input_torquel

torque3 = (1 - torque_ratio) * input_torquel

torque4 = torque_ratio * input_torque2

torque6 = (1 - torque_ratio) * input_torque2

' Force Calculations

" Force on gear 1 from gear 2
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F21_t=torquel/ ((pd(1))/2)
F21_r=F21_t* Tan(phiT_rad(1))
F21_a=H2*F21_t* Tan(hel_deg(1) * pi/ 180)

Dim F21_tx As Double = Direction * F21_t * Sin(Thetal * pi / 180)
Dim F21_ty As Double = -Direction * F21_t * Cos(Thetal * pi / 180)
Dim F21_rx As Double = -F21_r * Cos(Thetal * pi / 180)

Dim F21_ry As Double = -F21_r * Sin(Thetal * pi / 180)

" Force on gear 2 from gear 1
F12_a=-F21_a

Dim F12_tx As Double = -F21_tx
Dim F12_ty As Double = -F21_ty
Dim F12_rx As Double = -F21_rx
Dim F12_ry As Double = -F21_ry

' Force on gear 3 from gear 2

Dim F23_t As Double = torque3 / ((pd(1)) / 2)

Dim F23_r As Double = F23_t * Tan(phiT_rad(1))

Dim F23_a As Double = H2 * F23_t * Tan(hel_deg(1) * pi / 180)

Dim F23_tx As Double = Direction * F23_t * Sin(Thetal * pi / 180)
Dim F23_ty As Double = Direction * F23_t * Cos(Thetal * pi / 180)
Dim F23_rx As Double = F23_r * Cos(Thetal * pi / 180)
Dim F23_ry As Double = -F23_r * Sin(Thetal * pi / 180)

' Force on gear 2 from gear 3
DimF32_a=-F23_a

Dim F32_tx As Double = -F23_tx
Dim F32_ty As Double = -F23_ty
Dim F32_rx As Double = -F23_rx
Dim F32_ry As Double = -F23_ry

' Force on gear 5 from gear 4

Dim F45_t As Double = torque4 / ((pd(3)) / 2)

Dim F45_r As Double = F45_t * Tan(phiT_rad(3))

Dim F45_a As Double = H5 * F45_t * Tan(hel_deg(3) * pi / 180)

Dim F45_tx As Double = Direction * F45_t * Sin(Theta2 * pi / 180)
Dim F45_ty As Double = -Direction * F45_t * Cos(Theta2 * pi / 180)
Dim F45_rx As Double = F45_r * Cos(Theta2 * pi / 180)

Dim F45_ry As Double = F45_r * Sin(Theta2 * pi / 180)

' Force on gear 4 from gear 5
DimF54_a=-F45 a

Dim F54_tx As Double = -F45_tx
Dim F54_ty As Double = -F45_ty
Dim F54_rx As Double = -F45_rx
Dim F54_ry As Double = -F45_ry

" Force on gear 5 from gear 6

Dim F65_t As Double = torque6 / ((pd(5)) / 2)

Dim F65_r As Double = F65_t * Tan(phiT_rad(5))

Dim F65_a As Double = H5 * F65_t * Tan(hel_deg(5) * pi / 180)

Dim F65_tx As Double = Direction * F65_t * Sin(Theta2 * pi / 180)
Dim F65_ty As Double = Direction * F65_t * Cos(Theta2 * pi / 180)
Dim F65_rx As Double = -F65_r * Cos(Theta2 * pi / 180)

Dim F65_ry As Double = F65_r * Sin(Theta2 * pi / 180)

' Force on gear 6 from gear 5
Dim F56_a =-F65_a

Dim F56_tx As Double = -F65_tx
Dim F56_ty As Double = -F65_ty
Dim F56_rx As Double = -F65_rx
Dim F56_ry As Double = -F65_ry

' Moment Balance about Bearing A
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F21(0,0) =

(pd(0)/ 2) * Cos(Thetal * pi / 180)
(pd(0) / 2) * Sin(Thetal * pi / 180)
-BearingDistA

0
0
-(BearingDistA + BearingDistB)

F21 rx +F21_tx: F21(L, 0) = F21_ty + F21_ry: F21(2, 0) =

' Moment Balance about Bearing C

R_2Cfroml
R_2Cfrom1
R_2Cfroml
R_2Cfrom3
R_2Cfrom3
R_2Cfrom3

R_DC(0, 0)=
R_DC(L, 0)=

R_DC(2, 0)

F12(0,0) =
F32(0,0) =

(0, 0) = (-pd(1) / 2) * Cos(Thetal * pi / 180)
(1,0) = (-pd(1) / 2) * Sin(Thetal * pi / 180)
(2, 0) = -BearingDistC
(0, 0) = (pd(1) / 2) * Cos(Thetal * pi / 180)
(1,0) =-(pd(1) / 2) * Sin(Thetal * pi / 180)
(2, 0) = -BearingDistC

0

0
= -(BearingDistC + BearingDistD)

)=F12_ty + F12_ry: F12(2, 0) =

F12_rx + F12_tx: F12(1, 0
1,0)=F32_ty + F32_ry: F32(2,0) =

F32_rx+ F32_tx : F32(1,

" Moment Balance about Bearing E

F23(0,0) =

(-pd(2) / 2) * Cos(Thetal * pi / 180)
(pd(2) / 2) * Sin(Thetal * pi / 180)
-BearingDistE

(L L T A R 1 |
w

~ ©o o

-(BearingDistE + BearingDistF)

F23 1x + F23_tx : F23(L, 0) = F23_ty + F23_ry : F23(2, 0) =

' Moment Balance about Bearing G

F54(0, 0) =

(pd(3)/ 2) * Cos(Theta2 * pi / 180)
(pd(3) / 2) * Sin(Theta2 * pi / 180)
-BearingDistG

0
0
-(BearingDistG + BearingDistH)

F54_1x + F54_tx : F54(L, 0) = F54_ty + F54_ry : F54(2, 0) =

' Moment Balance about Bearing |

R_5lfrom4(0, 0) = (-pd(4) / 2) * Cos(Theta2 * pi / 180)

R_5Ifrom4(1, 0) = (-pd(4) / 2) * Sin(Theta2 * pi / 180)

R_5lfrom4(2, 0) = -BearingDistl

R_5lfrom6(0, 0) = (pd(4) / 2) * Cos(Theta2 * pi / 180)

R_5lfrom6(1, 0) = -(pd(4) / 2) * Sin(Theta2 * pi / 180)

R_5lfrom6(2, 0) = -BearingDistl

R JI(0,0)=0

RJI(1,0)=0

R_JI(2, 0) = -(BearingDistl + BearingDistJ)

F45(0, 0) = F45_rx + F45_tx : F45(1, 0) = F45_ty + F45_ry : F45(2, 0) =
F65(0, 0) = F65_rx + F65_tx : F65(1, 0) = F65_ty + F65_ry : F65(2, 0) =

' Moment Balance about Bearing K

(-pd(5) / 2) * Cos(Theta2 * pi / 180)
(pd(5) / 2) * Sin(Theta2 * pi / 180)
-BearingDistK

0

F21 a

F12 a
F32_a

F23 a

F54 a

F45 a
F65_a
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-(BearingDistK + BearingDistL)

F56(0, 0) = F56_rx + F56_tx : F56(1, 0) = F56_ty + F56_ry : F56(2, 0) = F56_a

'Mutiply Vectors

R_1A x_F21 = cross(R_1A, F21)

Dim R_2Cfrom1_x_F12 As Array = cross(R_2Cfrom1, F12)
Dim R_2Cfrom3_x_F32 As Array = cross(R_2Cfrom3, F32)
Dim R_3E_x_F23 As Array = cross(R_3E, F23)

Dim R_4G_x_F54 As Array = cross(R_4G, F54)

Dim R_5Ifrom4_x_F45 As Array = cross(R_5Ifrom4, F45)
Dim R_5Ifrom6_x_F65 As Array = cross(R_5Ifrom6, F65)
Dim R_6K_x_F56 As Array = cross(R_6K, F56)

' Xand Y Force components on Bearing B
Fy(1) = R_1A_x_F21(0, 0) / -(BearingDistA + BearingDistB)
Fx(1) =R_1A x_F21(1, 0) / (BearingDistA + BearingDistB)

' Xand Y Force components on Bearing D
Fy(3) = (R_2Cfrom1_x_F12(0, 0) + R_2Cfrom3_x_F32(0,
Fx(3) = (R_2Cfrom1_x_F12(1, 0) + R_2Cfrom3_x_F32(1,

0)) / -(BearingDistA + BearingDistB)
0)) / (BearingDistA + BearingDistB)
' Xand Y Force components on Bearing F

Fy(5) = R_3E_x_F23(0, 0) / -(BearingDistE + BearingDistF)

Fx(5) = R_3E_x_F23(1, 0) / (BearingDistE + BearingDistF)

' Xand Y Force components on Bearing H
Fy(7) = R_4G_x_F54(0, 0) / -(BearingDistG + BearingDistH)
Fx(7) = R_4G_x_F54(1, 0) / (BearingDistG + BearingDistH)

' Xand Y Force components on Bearing J
Fy(9) = (R_5lfrom4_x_F45(0, 0) + R_5Ifrom6_x_F65(0, 0)) / -(BearingDistl + BearingDistJ)
Fx(9) = (R_5lfrom4_x_F45(1, 0) + R_5Ifrom6_x_F65(1, 0)) / (BearingDistl + BearingDistJ)

' Xand Y Force components on Bearing L
Fy(11) = R_6K_x_F56(0, 0) / -(BearingDistK + BearingDistL)
Fx(11) = R_6K_x_F56(1, 0) / (BearingDistK + BearingDistL)

' Solve for remaining components

' Bearing A
Fx(0) = -F21(0, 0) - Fx(1)
Fy(0) = -F21(1, 0) - Fy(1)

' Bearing C
Fx(2) =-F12(0, 0) - F32(0, 0) - Fx(3)
Fy(2) =-F12(1, 0) - F32(1, 0

' Bearing E
Fx(4) = -F23(0, 0) - Fx(5)
Fy(4) = -F23(1, 0) - Fy(5)

' Bearing G
Fx(6) = -F54(0, 0) - Fx(7)
Fy(6) = -F54(1, 0) - Fy(7)

' Bearing |
Fx(8) = -F45(0, 0) - F65(0, 0) - Fx(9)
Fy(8) = -F45(1, 0) - F65(1, 0

'Bearing K
Fx(10) = -F56(0, 0) - Fx(11)
Fy(10) = -F56(1, 0) - Fy(11)
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' Thrust Loads

Fz(0) = F21(2, 0)
Fz(1) = F12(2, 0) + F32(2, 0)
Fz(2) = F23(2, 0)
Fz(3) = F54(2, 0)
Fz(4) = F45(2, 0) + F65(2, 0)
Fz(5) = F56(2, 0)

' Convert to forces on Bearings

Fori=0To11
Fy(i) = -Fy(i)
Fx(i) = -Fx(i)

Next

'Check to see if the user chose the 1G load option
If oneGLoadYes = True Then
Fy(0) = Fy(0) - WeightA

Fy(1) = Fy(1) - WeightB
Fy(2) = Fy(2) - WeightC
Fy(3) = Fy(3) - WeightD
Fy(4) = Fy(4) - WeightE
Fy(5) = Fy(5) - WeightF
Fy(6) = Fy(6) - WeightG
Fy(7) = Fy(7) - WeightH
Fy(8) = Fy(8) - Weightl
Fy(9) = Fy(9) - WeightJ
Fy(10) = Fy(10) - WeightK
Fy(11) = Fy(11) - WeightL
End If

' Calculate Resultant vectors and angles

Fori=0To11

R(i) = Sart(Fy(i) * 2 + Fx(i) * 2)

Angle_deg(i) = (Acos(Abs(Fy(i)) / R(i))) * 180 / pi
Next

' Convert Results back to S if necessary
If SiChecked = True Then

Fori=0To 11
Fx(i) = Fx(i) * 4.4482216
Fy(i) = Fy(i) * 4.4482216
Next

Fori=0To5
Fz(i) = Fz(i) * 4.4482216
Next
End If

End Sub
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Appendix C

Bearing Protile Plotting Program
MATILAB Code
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% Bearing Profile Plotting Program

% Plots an Analytical solution adapted from Dr. Kirk's
% Manufacturing Tolerances Paper

%

% Written by Andy Wolff, Summer 2003

close all;
clear all;

% Define Parameters
degstep=.1; % Degree Step for Analytical solution

lobes=4;

rshaft=10; % Shaft Radius

Cp=8; % Lobe radial clearance
preload=.75;

rp=preload*Cp;

thetal=0; % Angle to leading edge
alpha=1.14; % Offset

chi=90*pi/180; % Angular extent of Lobe
Y%Position of journal relative to bearing center
x=0;

y=0;

quadextent=[0:360/lobes:360];

% *k*'k*k***********************An alytl Cal S OI u tl 0| n*'k*‘k***‘k****'k

for quad=1:lobes
htemp=0;
count=0;
for theta=0:degstep:quadextent(2)-degstep
count=count+1;
thetar=theta*pi/180;
htemp(count)=Cp-rp*cos(thetal + alpha*chi - thetar) - x*cos(thetar) - y*sin(thetar);
end

for count2=1:length([0:degstep:quadextent(2)-degstep])
h(count2+(quadextent(quad))/degstep)=htemp(count2);
end

end

% Add shaft diameter
h(length(h)+1)=h(1);
thetar=[0:degstep:360]*pi/180;
h=h+rshaft;

% Plot results

polar(thetar,h)

title(['Cp =" num2str(Cp) ' mils; Preload = ', num2str(preload) ...
" chi =" num2str(chi) '; offset = ' num2str(alpha)]);

hold on

%Plot Shaft
polar(thetar rshaft*ones(size(h)),'r)
hold on

% *******************Measured Data from Bearing*****'k*******
%
load profiledata.mat;

newdata=profiledata(:,1:2)";
h2=((newdata(2,:)-3.75)/2)*1000;
thetar=[0:5:360]*pi/180;

% Plot results
polar(thetar fliplr(h2)+rshatft,'og’)
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