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Linear Analysis in SpindlePro

Introduction

SpindlePro software is a finite element program which analyses the static and
dynamic response of a machine tool spindle. The current version of the program assumes
that the spindle is axi-symmetric and models it as a 2-D beam problem and is able to
account for axial, bending and torsional behaviors of the system. The program also allows
users to include bearings and spindle housing as part of the FE model.
SpindlePro is user-friendly with the options and features that include:

- Menu and windowing environment

- Graphical and text capabilities -  Advanced mouse support features

- Project report management system.

SpindlePro Structure overview

The SpindlePro software consists of three main modules (preprocessor, processor,
and postprocessor) that interact and exchange data with each other under single
environment.
The capabilities of the program are detailed below:

- Static Analysis: Deflection of the beam in every direction, reaction forces and moments
at support positions.

- Modal Analysis: Undamped and damped natural frequencies and mode shapes sorted
according to their type (axial, torsional, bending)

- Frequency Response Function (FRF) Analysis: Frequency response of the system at
any required point. Damping is introduced either using the given damping values which can be
input in bearing data or modal damping.

Interface:
“Menu” has five submenus.
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File Model Run Results ‘Windows Help

“File” has the following options.

ﬁ"ewew_ New: Open a new project

?f::pmject Open: Open an existing project
saepoectas | Save Project: Save the current project
_ B | Save Project as: Save the current project under a different project name

; “Model”
M°;'e' : Properties: Show model properties
roperties R . . -
Input File [ Input File: Show the data of the input file (text file)
CCRun”

Run

TR Static Analysis: Run the project for static case

Lﬂ:gm:l;:is - Modal Analysis: Run for modal analysis for undamped or damped cases
FRF Analysis: Calculate the FRF with damping matrix or with modal

damping

“Results”
l Results
Report .
Nodal solution {numeric) . Repor_t: ShOW prOJeCt report i
Reaction forces (numeric) Nodal solution (numeric): Display the nodal solutions for each
Axial deflection (graphic) -
e degree of freedom in a tabulated form
Twist angle (graphic) Reaction forces (numeric): Display the reaction forces and their
Slope {graphic) . . .
directions in a tabulated form
Matural Frequencies . . . . . .
Undamped Made Shapes Axial deflection (graphic): Display the axial deflection results for
Natural Frequencies and Damping Ratios static solution graphical Iy
diied e e Radial deflection (graphic): Display the radial deflection results

FRF

e i e for static solution graphically

Twist angle (graphic): Display the twist angle results for static
solution graphically

Slope (graphic): Display the slope results for static

solution graphically

Natural Frequencies: Display the natural frequencies of the spindle design for each degree of
freedom

Undamped Mode Shapes: Display the undamped mode shapes for bending, torsional and axial
modes in a tabulated form
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Natural Frequencies and Damping Ratios: Display the natural frequencies and damping ratios
of the spindle design for each degree of freedom

Damped Mode Shapes: Display the damped mode shapes for bending, torsional and axial modes
in a tabulated form

FRF: Display frequency response of the model with damping matrix for each degree of freedom
FRF with Modal Damping: Display frequency response of the model with modal damping for each
degree of freedom

Time Response: Not available for linear analysis

Bearing Stiffness: Not available for linear analysis

Bearing Contact Force: Not available for linear analysis

FRF from Time Response: Not available for linear analysis

“Windows” shows the active windows in the program.
“Help” opens the help file.

“Toolbar” has short cuts for the menu options.

o |=| @ &0 Bl ] Pol{Fol hull

The buttons related to results are disabled before program is run once.
Open a New project

ES™=—

=

|2

T

Open an existing project

Save current project

Show Model properties

Display Input File

Run the program
Show static analysis results

o

Show undamped modal analysis results

Show damped modal analysis results

Show FRF analysis results (damping matrix)

Show FRF analysis results with modal damping

Open help file

Run Expert Spindle System

WSEE T T

A"y,
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113 Spindle Dynamics [ New Project ] ==l x|

0| |a| £18] %] & ] Ll @5

{3 Model Properties =10 x|

Elemenll Bealing] Cunstrainl[ Nodal Forcel DisclSIeevel (¢ Linear Bearing (" Nonlinear Bearing

[~ Material

Designation | E(N/m?3 | Poisson | D{Kg/m®) | Shearct [Th.cf (1/C)[ Cwim'C) H

elete

B, Modiy

Add New

Insert New

[~ Assembly View Options
[V Elements
™ Elements numbers

[V Nodes numbers

v Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

The form is divided in two frames:

Control Buttons

(¢ Linear Bearing " MNonlinear Bearing

~ Element-

# Material Length (mm) | Origin (mm)
1| 1 - Stainless Steel g Delete |
2 | 1 - Stainless Steel Rotating 0 20 25 25

3 1 - Stainless Steel Rotating 0 45 325 50 )
4| 1- Stainless Steel Rotating 0 45 325 825 = Mo
5 | 1 - Stainless Steel Rotating 3315 76 25 115
6 | 1 - Stainless Steel Rotating 33405 60 9 140 % Add New l
7 | 1 - Stainless Steel Raotating 3315 60 349 149
8 | 1 - Stainless Steel Raotating 3315 60 349 1839 =

3| 1 - Stainless Steel Rotating 33.15 50 41 2188 S e
A0 1 - Stainless Steel Rintatines 3315 57 R 43175 220 =

* The upper one contains cells of data for the model and control buttons to
manipulate these data. By clicking on the tabs of the tabstrip, one can browse through the

I

o
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data grid of the associated type of element (Materials, Elements, Bearings, Boundary
Conditions (Constraints), Nodal Forces, and Discs/Sleeves). The Control Buttons on the
right of the window allow to enter new data or to modify the data:

- “Delete”: Deletes the selected item (row)

- “Modify”: Calls an interface for modifying properties of the selected item

- “Add”: Calls an interface for adding an item at the end of the list

- “Insert”: Calls an interface for inserting an item before the selected item

Double clicking on a row also allows modifying it if it contains an item or to add a
new row at the end of the list.

- Assembly View Options
v Elements
[~ Elements numbers

[V Nodes numbers
v Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

|

oK | Cancel |

* The lower Frame contains the Model View that is drawn and updated as the elements are
entered or changed.
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{3 Model Properties 3 o

Material Element lBearingt Constlaintl Nodal Forcel Disc/SIeevel

# Material
1 - Stainless Steel
28 | 1 - Stainless Steel
£284] 1 - Stainless Steel
30 | 1 - Stainless Steel
(3 | 1 - Stainless Steel
32 1 - Stainless Steel

SiR
Stationary
Stationary
Stationary
Stationary
Stationary
Stationary

1.D. {mm)

79.63
79.63
89.97
89.97
89.97

0.D.{mm) | Length (mm)

1143 11.78
1143 41.78
1143 9.98
1143 10

1143 22.32

D=79.63 mm, 0D=114.3 mm, Length=41.78 mm
| Coordinate for Node 27 = 303.28
Coordinate for Node 28 = 345.06
Material : 1 - Stainless Steel
| S/R : Stationary

Origin (mm) B

303.28
345.06
386.84
428.62
438.6
448.6

¢ Linear Bearing ¢ Nonlinear Bearing

~Element——————

E

Madify

il

Add New

i

Insert New

i

- Assembly Yiew Options
Jv Elements
[~ Elements numbers

v Nodes numbers
|V Bearings

[~ Bearings numbers

% Full Screen

Add Graph to Report

o
| \—'-
iwl
[y
=
=}
0

Clicking the left mouse button on any element in the plot of the model automatically
switches to the corresponding tab in the upper frame, selects this element in the grid and
displays a summary of the related data in the plot.

MAL Inc. User Manual for SpindlePro.exe

9/67



|13 Model Properties 3 =101 x|

Material ~ Element IBearingI Constraint | Nodal Force | Disc/Sleeve | @ Linear Beaing (" Nonlinear Bearing
~Element-
# Material SiR 1.D. {mm) 0.D.{mm) | Length (mm) | Origin (mm) |«
inless Steel Stationary 3 3 g Delete
28 | 1 - Stainless Steel Stationary 79.63 1143 41.78 345.06 |
29 1 - Stainless Steel Stationary 79.63 1143 41.78 386.84 )
30| 1 - Stainless Steel Stationary 89.97 1143 9.98 42862 =
31 1 - Stainless Steel Stationary 89.97 1143 10 4386

1 - Stainless Steel Stationary 89.97 1143 22.32 Add New

|w|
)
o~
I
o9
=]

Insert New

i

(~Assembly View Options -
[V Elements
[~ Elements numbers

v Nodes numbers

[V Bearings
Modify Element

Add New Element - [~ Bearings numbers
Insert New Element

Modify Material E Full Screen

Add Graph to Report

Clicking the right mouse button on any element displays a pop-up menu that allows making

modifications to this element.
il

Dole|e| S0 & e ] Ll @lE

{3 Model Properties
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In the “Assembly View Options”, the Check Boxes allow selecting drawing options
such as displaying node, element or bearing numbering. The “Full Screen” button

) enlarges the model view to a size more suitable for smaller parts. All the
options described before are still available in full screen mode.

The “Add Graph to Report” function is later explained in the Project Report section
of the Post-processing section.

Even without pressing the “OK” button of the Model Properties Window, new data
are written into the matrices so a simulation can be run without closing the window.
Nevertheless pressing the “Cancel” button erases the modifications made since the window
was first opened.

The following sections describe the various interfaces used to make modifications
or enter new data. All these modifications are secure, that is to say that the program will
not allow the user to enter an erroneous value and will display a message specifying the
type of error.

1 - Preprocessor:

1.1 - Material Properties:

The material properties of the spindle and housing are defined in this step.
|

- Material Data-

Material Number

Description:

| Stainless Steel
Young'sModulus €) [ 2E+10, N
Poisson's Ratio (1) ]—03

Density (2] 1—7800 Kg/m?
ShearCosfficient() [~ 111

oK | Cancel
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=101 %]

Mateiial | Element | Bearing | Constraint | Nodal Force | Disc/Slesve | ( Linear Bearing (" Nonlinear Bearing
— Material - |
# Designation | E(N/m3 | Poisson | D{Kg/m?) | Shearct [Th cf (1/C)] Cwim'C) \iI
g Delete
— x e
- Material Data - E’ tipdy)
Material Number ( % Add New ’
—— Description:
—— : 28 N
Stainless Steel =] ol
, =
Young's Modulus (E) 2E+10 g

Poisson's Ratio (J1) 0.3
Density (o] [—7800 Kgim?

Shear Coefficient (k) 1.11

—&ssembly View Options
[V Elements

[~ Elements numbers

[V Nodes numbers
[V Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

OK | Cancel

g

In “Add New Material” window, the user is required to enter the material properties
which the spindle, housing, disk and motor is made of.

Description: Designation of the material. It should be less than 30 character-long otherwise
it will be truncated.

Young’s Modulus (N/m?): Young’s modulus of the material

Poisson’s Ratio: Poisson’s ratio of the material

Density (kg/m?®): Density of the material

Shear coefficient: It is a factor that accounts for variation of strain over cross-sectional area

and is dependent on the shape of cross-section. For a circular beam, a value of 10/9 is
usually assumed. Setting this factor equal to O reduces it to Euler-Bernouilli Beam.

MAL Inc. User Manual for SpindlePro.exe 12/67



|3 Model Properties .
Material IEIement] Bearing | Constraint | Nodal Force | Disc/Sleeve | (¢ Linear Bearing " Nonlinear Bearing
— Material - =
# Designation I E (N/m?®) | Poisson | DiKg/m®) I Shear cf. ]Th. cf. (1,"’C)| C (Wim*C) li'
1 Stainless Steel 2E+10 03 7800 1.1 0 0 w]
117 Add New Material x|
— B Modiy
— ~Material Data
— Material Number % Add New
Description:
g ."g Insert New
e Aluminum Mass -l

Young's Modulus (E) 1] N2
Poisson's Ratio () 03
Density (o) 2700 Kg/m?

Shear Coefficient (k) 1.11

- Assembly Yiew Options -

v Elements

[~ Elements numbers

v Nodes numbers

|V Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

I

OK | Cancel ]

oK | Cancel l

The user is allowed to specify as many materials as desired. The materials properties
will then be used for the element definitions in the next section.

1.2 - Defining Elements:

Material: This combo list allows choosing a material from the defined material database.
Stationary/Rotating: This combo list allows choosing the state of the elements. For
example, for the elements of the shaft of the spindle rotating elements should be used. On
the other hand, stationary elements should be used for housing. In linear analysis the
rotation effect is not taken into account.

Inside Diameter (mm): Inside diameter of the element (Di > 0).

Outside Diameter (mm): Outside Diameter of the element (Do > Inside Diameter)

Length (mm): Length of the element (L > 0)

Divided Equally: If the model has successive elements with same material properties and
dimensions, these elements can be created by dividing one element into multiple equal
length elements.
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Material Element IBearingI Consllaintl Nodal Forcel DistSIeeve]

# Material I SR 1.D. {mm) O.D.{mm) | Length (mm) | Origin (mm) [«

{3 Add New Element x|

-Element Data-

Element Number

—

|1 - Stainless Steel L]

Material

Stationary/Rotating ] Ratating :J b]

=10 x|

r~ Element-

E Delete

i

il

Modify

<

Insert New

i

(¢ Linear Bearing " Nonlinear Bearing

Inside Diameter®) | 0 mm
Ouside Dismeter o) 20 pm
’750 mm
r—

Length (L)

v Divided Equally

Starting
™ Coordinate X for
new section

Material ~Element ]Bearing] Constrainl] Nodal Forcel Disc/SIeevel

# Material | sm | ID(mm) | 0D (mm) | Length(mm) | Origin (mm) [4]
2| 1 - Stainless Steel Rotating 3315 57.6 49.175 321.25 ]
13 | 1 - Stainless Steel Rotating 33.15 57.6 49.175 370.425
14 | 1 - Stainless Steel Fotatino 3315 50 19 419.5999
(15| 1 - Stainless Steel 24

16 1 - Stainless Steel
E 1 - Stainless Steel Element Data
18 | 1 - Stainless Steel Element Number l—

19 | 1 - Stainless Steel
L Material |1 - Stainless Steel z] I___I
Stationary/Potating IStatiDnary L]

—Assembly View Options -

[V Elements
[~ Elements numbers

v Nodes numbers
[v Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

o
=
o
o
>
=
B

~lofx]

Element

Delete

1l

Modify

W

> Add New

Insert New

i

(¢ Linear Bearing (" Nonlinear Bearing

Inside Diameter (Di) 95 |
Outside Diameter (Do) 122.1 | mm

3 mm
I” Divided Equally

Starting
v Coordinate X for 140 rom

new section
cocs_|

Length (L)

MAL Inc. User Manual for SpindlePro.exe

—Assembly View Options

[V Elements
[~ Elements numbers

v Nodes numbers
[V Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

g
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Starting Coordinate X for new section: Checking this option disconnects this element from
the previous one in the list. It allows entering the properties for the housing of the spindle
for instance. There is no limitation of the number of disconnected elements. To specify the
position of this type of element, enter the absolute coordinate of its first node. The absolute
coordinate is expressed with respect to the origin of the first node of the first element. For
the first element with the option “Starting Coordinate X for new section”, “Divided
Equally” cannot be selected, which means this element cannot be equally divided.

Material  Element IBearingI Consltainll Nodal chel Disc/SIeeve‘ (% Linear Beaing (" Nonlinear Bearing
Element -
# Material | sm | ID.(mm) | 0D (mm) | Length(mm) [ Origin (mm) [2]
24 | 1 - Stainless Steel Stationary 95 177.9 135 218.8 E Delete
25 | 1 - Stainless Steel Stationary 95 1143 29.2 2323 ]

26 1 - Stainless Steel Stationary 79.63 1143 41.78 261.5 )
27| 1-StainlessSteel | Stationary | 7963 1143 4178 303.28 =
28 | 1 - Stainless Steel Stationary 79.63 1143 41.78 345.06
29 | 1 - Stainless Steel Stationary 7963 1143 41.78 386.584 % Add New
30 | 1 - Stainless Steel Stationary 89.97 1143 9.98 428.62
3 | 1 - Stainless Steel Stationary 89.97 1143 10 4386 =
32| 1 - Stainless Steel Stationary 89.97 1143 2232 4436 s P e

Assembly View Options
Jv Elements
[~ Elements numbers

Jv Nodes numbers
|v Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

g

oK | Cancel |

Note: It is recommended that first the shaft with smaller diameter is defined before objects
with larger diameter are defined (e.g. first define Spindle, then housing). Otherwise, the
plotting of Model View may generate some (non-critical) drawing errors, although it does
not affect the analysis.

1.3 - Setting Bearing Properties:
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=10 x|

¢ LinearBearing ¢ MNonlinear Bearing

i Bearin i T .
Matenall Element g I Constramll Nodal F 2% Add New Bearing x|

: ) i~ Bearing-
N1 |N2| Bi (mrm) [Da (mm)] W (m ~Bearing Data

#

] E Delete
Bearing Number ,—

— InnerRingNodeNo. (N1) [+ B Modiy

[ Outer Ring Node No.(N2) 22 - p—

— (& st [3
Inside Diameter (Di) 50 7| f—

— =
Outside Diameter (Do) 95 7| mm 50 [InsetNew

4] L |
-~ Legnth(L) 10 mm 2

—&ssembly View Options —

Axial Stiffness(Ka) 6.1E8 N/m
Radial Stiffness(Kr) 3.05E9 Njm
Tosional Stiffness(Kt) 1N mir

Axial Damping(Ca) 1 Nsfm

Radial Damping(Cr) 1 N.s/m
Tosional Damping(Ct) 1 Nm.sfrad

OK | Cancel I

v Elements
[~ Elements numbers

v Nodes numbers
[v Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

|

0K | Cancel |

In “Add New Bearing” window, the user is required to enter the bearing
specifications for the spindle design.

To add a bearing to the model, one has to place it between two nodes which have
same coordinate (e.g. between a node on spindle and a node on housing). A bearing can
also be linked to the ground (node 0).

Inner & Outer Ring Node No: These combo lists display the list of available anchor nodes.
The program does not allow entering two nodes with different coordinates. If a node is
defined as “0”, the program assumes that the end of bearing is connected rigidly to the
ground. Note that in such a case, no reaction forces will be available at grounded end from
static analysis. However, it is easy to such reaction forces by multiplying bearing stiffness
by its corresponding bearing deflection.
Inside and Outside Diameter: Each of these combo lists displays the possible choices for
each diameter:

- Inside Diameter: the maximum outside diameter of the elements linked to
Inner Ring Node

- Outside Diameter: the minimum inside diameter of the elements linked to
Outer Ring Node
Length: Width of the bearing, any value is Ok, it’s decided automatically by the program
and only used for drawing.
Bearing Stiffness data: Stiffness of the bearing in axial, radial, and rotational directions
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Some parameters are set to “0” by default. Torsional stiffness is, most of the time,
not applicable in bearings since they don’t carry torsional forces. However, if it is available,
it can be set in this window.

Bearing Damping data: Damping of the bearing in axial, radial, and rotational directions

Damping values are used for “Damped Modal Analysis” and “FRF Analysis with
Damping Matrix”. Normally, the damping values for the bearings are not available, but if
they are available and desired to be used, the software allows doing the damped analysis

liz Model Propetties N o =] 3|
Material | Element = Bearing IConshainll Nodal Force | Disc/Sleeve | @ Linear Beaing (" Nonlinear Bearing

Stiffness (Nfm or N.m/jrad) l Damping (N.sfm or N.m.s/rad) [_

N1 [N2] Di (mm) [Do (mm)[ W (mm) | Axial | Radial | Tors. | Axial [ Radial | Tors. lﬂ S

7 [22] B0 35 10 61E8 | 3.05E9 1 1 1 1 B Delete

9 24 &0 95 10 61E8 | 3.05E9 1 1 1 1

15/31 50 | 8397 | 10 58E8 | 29E9 1 1 1 1 _ I
E, Madify

32 Inset New

]

—Assembly View Options -

[V Elements

v Nodes numbers

d .
1St bearing 2” bea”ng [~ Elements numbers

[V Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

g

0K I Cancel |

too.
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1.4 - Setting Constraints:
Boundary conditions are used to assign required displacement in a given degree of
freedom (axial, radial, torsional and slope), e.g. to fix a degree of freedom of a node.

<Ay,
>
//E_.
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Material | Element | Bearing Constraint | Nodal Force | Disc/Slesve | @ Linear Beaiing (" Nonlinear Beaing
~ Constraint |
# | StartNode | End Node Increment Direction | Displacement i_l
g Delete
] x|
| ; Madif
L ~Constraint B Mody
B.C. Number ‘ % Add New ’
— Start Node 21 hd
[S— =)
Insert N
End Node 33 - - S A
Increment 4

- S — Assembly View Options -
Direction

[V Elements
Displacement [~ Elements numbers
[V Nodes numbers

[V Bearings

oK. | 28 20 [ Bearings numbers
E Full Screen

Add Graph to Report

g

Start Node: It is the node to which the boundary condition is started to be applied.

End Node: It is the node to which the boundary condition is ended to be applied.
Increment: It defines increment at which the boundary condition is applied between the
start node and the end node. (i.e. “Increment = 4” means boundary condition is only applied
at every 4 nodes after the start node till the end node)

Direction: The direction in which the boundary condition is applied. (i.e. axial
displacement, radial displacement, twist angle, slope)

Displacement: The magnitude of the boundary condition. If the direction of the node is
fixed, zero should be input (mm)
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5]

Material | Element | Bearing Constraint lNodaI Force | Disc/Sleeve | (' Linear Beaiing (" Nonlinear Bearing
Constraint
# | StartNode I End Node | Increment I Direction I Displacement il
1 21 33 4 Axial 0 B Dekte
2 21 33 4 Radial 0
3] 21 33 4 Twist 0 )
4 21 33 4 Slope 0 B Modiy
B addew
| -‘Vg Insert New
Ad|
Assembly View Options
v Elements

[~ Elements numbers

Jv Nodes numbers
v Bearings

[~ Bearings numbers

E Full Screen
Add Graph to Report

0K I Cancel I
oI
Maleriall Element] Bearing] Constraint  Nodal Force IDisc/SIeeve] (¢ Linear Bearing " Nonlinear Bearing
~Nodal Force

# | Node | Direction Force/Moment ~

L B Delete

|13 Add New Nodal Force N x| % Modify

i Nodal Force Data

— Nodal Force #
=
b
Node [——-11 — L= Insert New

Direction

Force/Moment T N —Assembly View Options -

v Elements

[~ Elements numbers

v Nodes numbers
Cancel

[v Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

|

OK | Cancel |
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Nodal forces and moments can be applied at any node as radial load, axial load and
bending moment and torque.

Node: The node which the force is applied.

Direction: The direction in which the force / moment is applied. (i.e. Axial force, radial
force, torque, bending moment)

Force/Moment: The magnitude of the force / moment (N / N.m)

Maleriall Element] Bearing! Constraint  Nodal Force ]Disc/SIeeveI (¢ Linear Bearing (" MNonlinear Bearing
Nodal Force
Node | Direction | Force/Moment i]
1 Axial 1 B Dekete
1 Radial 1
1 Torgue 1

i

Modify

i

> Add New

Insert New

i

10

- Assembly Yiew Options

v Elements
[~ Elements numbers

v Nodes numbers
v Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

o
| \_\_
iwl
m
=
o
@

1.6 - Defining the Disc/Sleeve:

Discs are a class of elements that are assumed to be rigidly connected to a rotating
shaft (such as gears, bearing sleeve, motor, pulley...). The stiffness of these kinds of
elements can be adjusted by the modulus of the materials. For example, if stiffness pulley
is not considered, just set the modulus of material for the pulley to zero or a very small
value. To do so, SpindlePro creates an extra element between two nodes chosen by the user.
The program deals with this extra element as with a regular one, that is to say that all its
dynamic properties are included in the calculation. This option is particularly useful if the
linked object is made of a material different from the shaft.
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=101 %]

Mateliall Elementl Bearingl Constlaintl Nodal Force Disc/Sleevel (¢ Linear Bearing " Nonlinear Bearing
Disc/Sleeve - 1
# | Nodel ]Nndez Material 1.D. {mm) 0.D. (mm) o
g Delete
— x
— Bl Modiy
— -Disc Data
Disc Number ‘L% AddNew |)
1stnode (N1) 18 =
— =
Insert New
=]
— 2nd node (N2) 19 - =l
Material '2 - Aluminum Mass LI
X X . ~Assembly View Options
Inside Diameter(Di) 46.7 n] Ca
v iements
Outside Diameter(Do) 90 [mim] I Elmerte e
[V Nodes numbers

[V Bearings

o]

[~ Bearings numbers

E Full Screen

Add Graph to Report

g

0K | Cancel |

1% node & 2" node: These combo lists display the list of available anchor nodes. First and
second node can be switched without any consequence. The program allows entering two
nodes whatever their coordinates are, provided that their number is not the same. Material:
This combo list allows choosing a material from those recorded material database.

Inside and outside diameter: Dimensions of the element. One should be aware that the
program authorizes any values provided that outside diameter is greater than inside
diameter.

The length of this type of element is automatically set by the program and is equal
to the distance between the 1%t and 2" nodes entered by the user.
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1z Model Properties 3 )

Material | Element | Bearing | Constraint | Nodal Foice  Disc/Sleeve |

|
%i 2 - Processor

# [ Nodel [ Node2 Material
1 18 -EEME_

1.D. (mm)

0.D. {mm)

-

ol

(¢ LinearBearing (" Nonlinear Bearing

[~ Disc/Sleeve =

B Dekete
Bl Modiy

JE
b= Insert New

— Assembly Yiew Options -
[V Elements
[~ Elements numbers

v Nodes numbers
v Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

L

Cancel |

There are three different modes of analysis in this program; static analysis, modal
analysis and frequency response function (FRF) analysis. One can run any of these analyses
after finishing entering the model by choosing the corresponding option in the ‘Run’ menu

or lcon.

B, -

=i

Static Analysis

Undamped Modal Analysis
Damped Modal Analysis

FRF Analysis
FRF &nalysis WIth Modal Damping

FRF from Time Response

2.1 - Static Analysis

Run
Static Analysis
Modal Analysis

FRF Analysis

The capabilities of this analysis are detailed below.
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a) Deflection of the beam due to a given load at all positions and in every direction
b) Reaction forces at support positions

2.2 - Modal Analysis
The capabilities of this analysis are detailed below.
a) Undamped natural frequencies and mode shapes
b) Damped natural frequencies, damping ratios and mode shapes
c) General type of damping is used, which is input from bearing data.
d) The modes are sorted according to their type (bending/ axial/ torsional) and are
reported in ascending order

If the model involves no damping, the modal analysis is performed by the Undamped
Eigensolver Module, and natural frequencies and mode shapes of the system are obtained.
Once the eigenvectors are determined, the module normalizes them with respect to the mass
matrix. The natural frequencies and modes shapes are separated into axial, torsional and
bending categories and are sorted in ascending order.

If damping properties are defined for bearings, the Damped Eigensolver Module is
evoked to find the eigenvalues and eigenvectors of the spindle system. This solver is a
double precision complex-arithmetic eigensolver which returns the eigenvalues in real and
imaginary parts, from which the damped natural frequencies and damping ratios are
extracted. The solution involves the re-arrangement of system matrices in the state space
form and uses LAPACK’s general complex QR algorithm to obtain all eigenvalues and
eigenvectors of the system. The modes are separated into axial, torsional and bending
categories and are sorted in ascending order.

2.3 - Frequency Response Function (FRF) Analysis The

capabilities of this analysis are detailed below.

a) Frequency response of the system at any required point

b) Frequency range and resolution of analysis are specified by user

c¢) Damping may be introduced in two ways: general damping from bearings or
modal damping

d) In the case of general damping, damping properties of bearings are defined and a
full solution method is used which solves the damped equation of motion is solved
for the given range of frequency.

e) In the case of modal damping, first an undamped eigenvalue analysis is
performed, then, the user is prompted to enter damping ratios for all or individual
modes, and finally, the FRF analysis is performed using the mode superposition
method. The user can also specify which modes will be included in the solution.

The process of FRF calculation depends on the type of damping included in the
model. If the user supplies damping properties for the bearings, the program will use the
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full solution method to solve the set of system equations for the given range of frequency.
For this purpose, at each frequency, the system matrices are formed, boundary conditions
are applied, and the solution is obtained using a complex arithmetic equation solver which
returns the real and imaginary parts of nodal displacements in all directions. The equation
solver is also adopted from LAPACK library.

Alternatively, the user may like to introduce modal damping for all or some
individual modes, e.g. from experimental results. If this option is selected, the program first
performs an undamped eigenvalue analysis to determine natural modes of the system. Then,
the user will be asked to enter modal damping ratios, and specify which modes should be
included in the solution.

x
P Axial Modes
Common Damping Ratio Mod F | Damping Ratio |«
v ! ! l— ode requency amping Ratio
for Axial Modes: 0.03 7 T 0.03 |2
v Common Damping Ratio 2 2397.36 0.03
for Bending Modes: o.03 3| 3000.23 0.03
: . ) 4 4898.12 0.03
fDnlj.J include modes FIE l!:he floll?v:!ng 5 5243.09 0.03
Tequency range in calculation. & £459.95 003
From Hz To Hz 7 7917.81 0.03
h h LI A 9131 50 nn3 L]
Torsional Modes Bending Modes
Mode Frequency | Damping R atio |A Mode Frequency | Damping R atio |A
1 3.85 0.03 2] 1 278.88 0.03 |2
2 £63.52 0.03 2 73359 0.03
3 1576.94 0.03 3 1056.59 0.03
4 2897.47 0.03 4 1750.13 0.03
5 3107.47 0.03 5 1798.92 0.03
B 3857.60 0.03 B 2703.17 0.03
% 4501.84 0.03 % 2708.76 0.03
] 34359 nn3 L‘ R 3R95 34 nn3 L‘
Fif Frequency Range : From |0 Hzto lgggg Hz
Number of Steps : h 000 Ok I

The upper left “Options” frame allows
- to apply a common damping ratio to all the chosen nodes
- to include only the modes in a given range of frequencies in the FRF
Analysis
One can also directly enter the damping ratio by double clicking on the grids.
Before running the analysis, one enters the frequency range and steps that will be
used by the mode superposition method to calculate FRF when pressing “OK”.
3 - Postprocessor

3.1 — Presentation

When running a simulation, the results are automatically saved in binary files that
become part of the project. The name of these files is the same as the project’s and the
extension vary depending on the type of analysis:
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- *.sta for static analysis

- *.eiu for undamped modal analysis

- *.eid for damped modal analysis

- *.frf for frequency response analysis

- *.ffm for frequency response analysis with modal damping

Each analysis updates a text file named after the name of the project with the ‘.out’
extension.

So if a calculation had been carried out in a previous session, the results are still
available without running once again the simulation for the same model. One knows that
the results of a given analysis are available if the associated button or menu is enabled.

.
_%g_ 3.2 - Static Results

g-
| ]
Modal Solution

Reaction Forces

Axial Deflection
Radial Deflection
Twist Angle
Slope

The available choices are:

- Nodal solution: displays the list of displacement values in every direction for
all nodes, including the ones locked by a boundary condition.

- Reaction Forces: displays the reaction forces and moments for the node locked
by a boundary condition.

- Axial deflection
Plots a graph showing the displacement of each node - Radial
deflection in a given direction.
- Twist angle
- Slope

<Ay,
>
//E_.
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|3 Nodal solution 1

ol

Addto
Report

Node| Axial(m) | Radial(m) [ Torsional fad) | Bending (rad)
1 T17E-08 ¢  5.15E-07 3.34E-01 -3.99E-06
2 7.71E-09 2.70E-07 3.34E-01 -8.01E-06
3 3.73E-09 1.25E-07 3.33E-01 -2.04E-06
4 2.70E-09 6.41E-08 3.33E-01 -1.50E-06
5 1.68E-09 2.46E-08 3.33E-01 -7.05E-07
6 1.34E-09 7.21E-09 3.33E-01 -6.04E-07
7 1.11E-08 1.62E-09 3.33E-01 -4.91E-07
8 8.03E-10 -3.66E-09 3.33E-01 -1.50E-07
9 4.92E-10 -8.63E-10 3.33E-01 -2.84E-08
10 4.86E-10 -3.71E-10 3.33E-01 -2.69E-08
11 4.05E-10 -1.76E-09 3.33E-01 -8.92E-09
12 3.24E-10 -1.78E-09 3.33E-01 4.47E-09
13 2.43E-10 -1.25E-09 3.33E-01 1.32E-08
14 1.62E-10 -402E-10 3.33E-01 1.73E-08
15 1.12E-10 -191E-11 3.33E-01 1.80E-08
16 1.12E-10 1.61E-10 3.33E-01 1.80E-08
17 1.12E-10 7.62E-10 3.33E-01 1.80E-08
18 1.12E-10 1.37E-09 3.33E-01 1.80E-08
19 1.12E-10 1.97E-09 3.33E-01 1.80E-08

|13 Axial Deflection

‘8 2o

‘HEE 1B

@32 33

F

[V Modes Numbers
v Nodes

v

v Deformed Shape

—Nodal Data
Node: 1

Displacement (m) :
1.168436E-08

R BOR| s
Pointer _Zoom | Reset

Add Graph to Report
oK

The above figure shows an example of one of these plots. The undeformed shape
of the model is drawn in white, the deformed shape (with loads) in red. For each node, the
deviation from undeformed shape is proportional to the displacement for the chosen degree

of freedom (on this example Axial deflection).

The options menu on the right of the form allows changing the drawing settings
such as elements numbering, nodes numbering, nodes display, undeformed shape display

and deformed shape display.

When “Pointer” button is activated, moving the mouse over a node makes the “Nodal Data”
frame displaying the value of the deflection or rotation at this node. Activating the “Zoom”
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button allows to zoom on a specific area of the drawing. The zoom is reset to its default
initial value by clicking on the “Reset” Button.

PU| 3.3 - Undamped Modes

Clicking on this button opens four windows, one window for displaying the natural
frequencies for each mode and three windows for displaying the displacements for each
mode, i.e. axial, torsional and bending. Down arrow next to the icon allows the user to open
the natural frequencies or undamped modes windows separately.

Ao

—
Undamped Modes
Matural Frequencies

One can get a graphic interpretation of a mode shape by selecting the chosen column
and clicking the “Graph Selected Mode” button located at the right bottom of the window.
The mode shape is then displayed in a window which is similar to the graphic window in
the static analysis results.

1 X T T — o
Oghons
MoHEE il < = i‘ I~ Eltants Nunbect
Freq: 278.88 Hz 73359 Hz 1056.59 Hz s
Disp. J Slope Disp. ] Slope Disp. | Slope D  Node
Node1 | 103E-02 { -7.06E-02 = 2B5E+00 -316E+01  2.05E-01  -348E+00 -44 .
Node 2 | 8.50E-03 -6.93E-02 1.86E+00  -2.94E+01 1.18E-01 -313E+00 13 B Dk
Node 3 | 682E-03 -611E-02 121E+00 -1.58E+01  5.35E-02 = -1.10E+00 57
Node 4 | 4.84E-03 -5.96E-02 7.0E-01 -1.35E+01 1.86E-02 -8.12E-01 6.8
Node5 | 292E-03  -553E-02 297E-01  -786E+00 -252E-03  -1.81E-01 42 Nods Dot
Node 6 | 153E-03 -5.45E-02 9.30E-02 -6.89E+00 -7.21E-03 = -8.65E-02 ik Nods 20

Node 7 | 1.03E-03 -6.35E-02 233E-02  -565E+00 @ -8.29E-03 2.40E-02 48
Node 8 | 3.10E-03 -1.65E-01 -394E-02  -1.80E+00  -3.34E-02 1.40E+00  -4C

Node 9 | -206E-03  -467E-01 -1.03E-02  -457E-01 2.24E-02 485E+00 -1
Node 10| -491E-03  -5.14E-01 -1.24E-02 | -4.47E-01 5.24E-02 499E+00 -1z
Node 11| -515E-02  -8.12E-01 -3.15E:02° | -2.37E:01 5.03E-01 B71E+00  -1.C
Node 12| -854E-02  -4.24E-01 -3.65E-02 3.98E-02 8.00E-01 1.69E+00 13
Node 13| -1.03E-01 B11E-01 -2.67E-02 2.58E-01 6.93E-01 -B.0BE+00 26
Node 14| -448E-02 224E+00  -8.66E-03 3.01E-01 251E-01 -787E+00 11
Node 15| 6.46E-03 375E+00  -1.30E-03 212E-01 379E-02 | -622E+00  -1.2
Node 16| 533E-02 454E+00 1.33E-04 1.49E-01 -1.08E-02 -479E+00 -1.C

’a‘:';;?l oK | Graph Selected Mode =
Example of list of bending modes 1%t mode shape (278.88Hz)

3.4 - Damped Modes
The use of this function is quite similar to the Undamped Modes except that the
results are now expressed in complex numbers. The graphic display of mode shapes shows

only the magnitude of displacement.
==

Damped Modes
Matural Frequencies
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Another difference from the undamped case is that the damping ratio for each mode

is also displayed in the “Natural Frequencies” window.

L Noturot Fruences o DampiogRatios S
Mode # Frequency (Hz) | Damping ratio \il
1 1489.37 1.25E-07

%2d| 2397.96 3.47E-07
3 | 3000.29 1.35E-07
4 4898.12 0.00E+00
L& | 5243.09 3.24E-07
6 | 6469.86 1.91E-07
| 7917.81 2.27E-07
8 | 9131.50 5.29E-08
el 10370.28 7.89E-08
Axial |10 | 10419.19 9.63E-08
11| 1059006 2.59E-07
12 | 11214.05 0.00E+00
13 | 12182.39 4.03E-08
(14 | 13239.87 1.61E-08
15 | 16455.23 2.14E-07
16 | 17369.86 2.6BE-07
(17 | 18492.33 0.00E+00
18 | 2071316 8.23E-08
19 | 21787.24 2.46E-07 |
G

Ml 3.5 - Frequency Response Function

This module allows getting the Frequency Response Function for every node and

degree of freedom. The graphic output looks like the following example:

1',,] Frequency Response

Real Part (m/N)

1.50E-06—
1.00E-06+
5.00E-071

|

)

0.00E00
-5.00E-071
-1.00E-06+
-1.50E-06+
-2.00E-061
-2.50E-06+

3.83E02

7.57E02

113E03 1.50E03 1.88E03

Frequency {Hz)

2.25E03

262E03  3.00E03

Imaginary Part (m/N)

Point Coordinates : X ]2337,05

Hz

¥:{2.138481E-07

n >

1.00E01  3.83E02
0.00E00 +

-5.00E-104
-1.00E-09+

-1.50E-091

-2.00E-09+

7.57E02

1.13E03  1.50E03 1.88E03

Frequency {Hz)

2.25E03

2.62E03

3.00E03

Point Coordinates : ~ X: ]

Hz

Y:|
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One can choose the degree of freedom and node at which the Frequency response
should be displayed by selecting the appropriate options in the upper right “D.O.F.” frame
(Degree Of Freedom). Two graphs plot the real and imaginary part or the magnitude and
phase of the frequency response according to the selected button (Real-Im or M-Phi) in this
frame.

When “Cursor” button is activated, clicking the left button of the mouse on any
point on the graph makes a red marker line appearing at the chosen X-coordinate and
displays the coordinates of the corresponding point in the text boxes under the graph. It is
then possible to browse trough the points by using the left and right arrows buttons.

Activating the “Zoom” button allows zooming on a specific area of the graph. The
cursor option stays available after zooming. The zoom is reset to its default initial value by
clicking on the “Reset” Button.

By clicking “Create *.frf File”, the text file for the selected FRF can be output.

3.6 - Frequency Response Function with Modal Damping
This module is using the exact replica of the previous interface to display the results
of the frequency response analysis with Modal Damping.

3.7 - Project Report

Printing the results of a given analysis requires using the Report module of
SpindlePro. In this report one can add any grids, graphics or graphs using the “Add To
Report” button available on every results window. Graphs and graphics are saved as they
were displayed when the user clicks this button. Hence, one can save for instance only a
specific area of a drawing by zooming it before adding the graph to the report.

By default the project report initially contains the name of the project, date, time
and the whole batch of data of the spindle computation model. One can delete a previously
added element from the report by double-clicking on it (for a picture, directly on it, and for
a list on the title)

The File menu allows setting up the printer and printing the report.

S,
>
//E.
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[laprojectReport =[olx|
File
SpindlePro Project Report
Project Name :  C:ACutPro\Program\SpindlePro\ManualE xample -
Date & Time :  January 03, 2005 18:26
Summary of Model Properties
Materials
# Description Young's Modulus Poisson Coeff. Density Shear Coeff.
1 Stainless Steel 2E+10 03 7800 11
2 Aluminum Mass 1 03 2700 11
Elements
# Material S/R Inside Diameter Outside Diameter Length
1 1 Rotating 0 20 25
2 1 Rotating 0 20 25
3 1 Rotating 0 45 325
4 1 Rotating 0 45 325
5 1 Rotating 3315 76 25
& 1 Rotating 3315 60 9
7 1 Rotating 3315 60 343
8 1 Rotating 3315 60 349
9 1 Rotating 3315 B0 41
10 1 Rotating 3315 57.6 43175
1 1 Rotating 3315 57.6 43175
12 1 Rotating 3315 57.6 43175
13 1 Rotating 3315 576 43175
14 1 Rotating 3315 50 19
15 1 Rotating 3315 50 10
16 1 Rotating 3315 50 334
17 1 Rotating 3315 467 3365
18 1 Rotating 3315 467 3365
13 1 Rotating 3315 467 3365
21 1 Stationary 95 1271 9
22 1 Stationary 95 1271 349
23 1 Stationary 95 1271 349
24 1 Stationary 95 177.9 135
25 1 Stationary 95 1143 292
26 1 Stationary 7963 1143 41.78
27 1 Stationary 79.63 1143 4178
28 1 Stationary 79.63 1143 4178 _'J

In addition, a text output file which extension is “.out” is always created which
allows the user to review the results of the analysis.

Nonlinear Analysis in SpindlePro

Linear Analysis: Only 4 DOF are considered in the model which are x (axial), y (radial),
Ox (twist) and 6y (slope).
AY

v
x

At
Y

0:

Nonlinear Analysis: In nonlinear model 5 DOF of the spindle are included in the analysis.
x (axial), y (radial in y), z (radial in z), 6. (slope in xy plane) and 6y (slope in xz plane).
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The capabilities of nonlinear analysis in SpindlePro:

Nonlinear Static Analysis: It is used to predict the bearing stiffness under a given preload
or any other static force at a desired spindle speed. The outputs of this analysis are
displacement, contact angle, contact forces and bearing stiffness matrix file which has the
same name as the input file with an extension *.sti. The file includes all the stiffness
matrices for all bearing under each preload (if the preload is changing).

Linear Dynamic Response: It is used to predict the time history response under dynamic
forces using linear bearing model. The bearing stiffness is assumed to be constant during
the analysis. The bearing stiffness data can be obtained from “Nonlinear Static Analysis”
or supplied by the user.

Nonlinear Dynamic Response: It is used to predict the bearing stiffness, contact force,
contact angles, displacement, velocity and acceleration using nonlinear bearing model. The
bearing stiffness is always changing in the analysis due to the dynamic forces. The effect
of the spindle speed can also be included in the analysis but it might cause convergence
problems for very high spindle speeds. See the processing section for the alternative way
of including the speed effects in nonlinear analysis.
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FRF from Time Response: It is used to extract the Frequency Response Function of the
model using either linear or nonlinear dynamic response.

The user can either start working on nonlinear part of SpindlePro with the
previously created linear model or create a new model from the beginning. Steps for
creating a new model for nonlinear are same as the linear model. This part of the manual
will explain the differences of the nonlinear and linear applications.

In this part of the manual the difference between the linear and nonlinear analysis is
explained. The similar sections will not be repeated in this part. During this part of the
manual, you will be seeing different project file name for each analysis. These project files
will be provided with the SpindlePro software so that the user can easily follow and
understand the program.

1 - Preprocessor
To switch the analysis from linear to the nonlinear bearing model, the user has to

check “Nonlinear Bearing” button.

(¢ Linear BearingQ™ Nonlinear Bearing

The software will give a warning message to the user to modify the bearing data input
previously because the bearing model is changed to nonlinear model.

A,
‘/!E
L7 3
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Material | EIement' Bearing' Conslraintl Nodal chel Disc}SleeveI " Linear Bearing (+ Nonlinear Bearing

[~ Material

Descripton | E(N/m3 | Poisson | D(Kg/m®) | Shearci [Th cf (1/CQ)] Cowim'C) [«
Stainless Steel 2E+10 03 7800 11 0.1 0.1

Add New

Insert New

I R

i

x| =

'E Bearing Data has to be changed due to the change of bearing model !

[~ Assembly View Options
Please modify the bearing parameters.

[V Elements

[~ Elements numbers

v Nodes numbers
[V Bearings

_____ 3 [~ Bearings numbers

E Full Screen

Add Graph to Report

It

OK | Cancel |

Another warning message appears after clicking “OK” for the bearing data warning
message. This message reminds the user to modify the nodal force because the DOF of the
model has been changed due to the nonlinear bearing model.

x
! ": Nodal Force has to be changed due to the change of bearing model !

When the analysis is switched to nonlinear bearing model, inner and outer rings of
the bearings are also counted in the node numbering different than the linear bearing model
in which they are not counted in the node numbering. The numbering is done automatically
by the software. The numbers above the centerline represents the node numbers for the
inner and outer bearing rings as shown in the display frame.

The bearing parameters for nonlinear analysis are different than the ones in linear case.
The user, first, has to modify the bearing parameters in order to continue the analysis.
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|7 Model Propetrties

Material ] Element

Conslraintl Nodal Forcel Disc}SleeveI Spacell Bearing Ring Controll F‘atamete(' Dutputl

F

I T

N1 | N2[ Di (mm) [Do (mm)| Dbmm)| Eb  [Posion(t)|  Er [ Posion()| Theta | Nball
7 22] 60 95 10 B1E+08  305E+03 1 0.05 0.05
924 60 95 10 B1E+08 301E+03 1 0.05 0.05
1532 50 80 10 5B8E+08  29E+09 1 0.05 0.05

(" Linear Bearing (¢ MNonlinear Bearing

~ Bearing-

mm\f

Madify

= Add New

i

Insert New

i

—Assembly View Options
[V Elements
[~ Elements numbers

[V Nodes numbers
v Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

o
| L\_
(wl
@
=]
o
5

Double clicking on any row for the bearing data pops up the “Modify Bearing”
window. The user can also use the “Modify” button from the menu on the right. Some of
the data are same as the data for linear modeling. However, the user needs to input the data
for the bearing ball and rings and the contact angle. The rule of thumb for the sign of contact

angle is illustrated in the figures below.
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x|

x

T

MateriaII Element Bearing ]l:onghain[l . (" Linear Bearing ¢ Nonlinear Bearing
-Bearing Data

# [N1[Ne[Di(mm) [Do(mm) | Bearing Number | Nball | B-Den._a] [ Beaia 1
il 7 :
R = Inner Ring Node No. (N1) 7 v] 0.05 0 B Dekete l
3 [15/32] s0 80 Outer Ring Node No.(N2) ~ [z2 = 0.0 0
EL Moy
Inside Diameter (Di) B0 A e
Qutside Diameter (Do) 95 v| mm M
== Ball Diameter(Db) 10/ mm > Insert New
= 0 | B ]
Young's Modulus of Balls(Eb) B.1E+08 N/m2 = =
Poission Ratio of Balls (z) 3.05E+09 - Assembly View Options
[V Elements

Young's Modulus of Rings(Er) 1 N/m?2

Poission Ratio of Rings (z) 0.05

[~ Elements numbers

[V Nodes numbers

[V Bearings

Contact Angle (8) 0.05

[~ Bearings numbers

E Full Screen

Add Graph to Report

Number of Balls(N)

Density of Balls  (g)

o
=~
[l
o
)
o
@

Contact Angle: is the angle between the vertical axis and the contact force line, and the
sign of the angle is illustrated in the figures below.

Inner ring

-

Outer ring

Outer ring

Inner ring

NCH .6 A
a) Positive contact angle b) Negative contact angle

In the given example the front bearings have positive contact angle and the back
bearings have negative contact angle.
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=% Modify Bearing 5' =% Modify Bearing ¥ 5]

~Bearing Data. ~Bearing Data.

Bearing Number Bearing Number |

Inner Ring Node No. (N1) g v Inner Ring Node No. (N1} 15 v

Outer Ring Node No.(N2) 24 v Outer Ring Node No.(N2) 32 v

Insice Diameter (Di) 50 #lham Inside Diameter (Di) 50 R |

QOutside Diameter (Do) 95 v| mm Qutside Diameter (Do) 50 v| mm

Ball Diameter(Dh) 55 mm Ball Diameter(Dh) 5 mm

Young's Modulus of Balls(Eb): 21E+11 Nfm2 ‘Young's Modulus of Balls{(Eh) 21E+11 N/m2

Poission Ratio of Balls () 0.3 Poission Ratio of Balls () 0.3

Young's Modulus of Rings(Er) 21E+11 N/m2 ‘Young's Modulus of Rings(Er) 21E+11 Nfm2

Poission Ratio of Rings () 0.3 Poission Ratio of Rings () 0.3

Contact Angle () 25 Dgree Contact Angle () -25 Dgree

Number of Balls(N) 20 Number of Balls(N) 18

Density of Balls () 7800 kgfm3 Density of Balls () 7800 kg/m3
OK | Cancel | OK | Cancel |

Typical bearing data representations for positive and negative contact angles are given in
the above “Modify Bearing” windows. The illustrations of the bearings are displayed in the
software.

<A,
K> S
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Maleriall Element Bearing l Cons

N1 | N2| Di {mm) [Da

#
1|
2 |
3|

722 60 !
9|24 60 !
1532 50 i

=% Add New Bearing 3

Bearing Data

Bearing Number
Inner Ring Node No. (N1)
Outer Ring Node No.(N2)

Insicle Diameter (Di)

Outside Diameter (Do)

Ball Diameter(Dh)

Young's Modulus of Balls(Eb) 21E+11 N/m2
Poission Ratio of Balls () 0.3
Young's Modulus of Rings(Er) 21E+11 N/m2

Poission Ratio of Rings () 03

Contact Angle (8)
Number of Balls(N)

Density of Balls  (p)

tput ]

b

x|

(" Linear Bearing ¢ Nonlinear Bearing

20 7800
16 b 20 7800
5 - - 18 7800
50 =
30 «| mm

5 mm

5 | Nball | B-Den.

Bearing

g Delete
Maodify
Add New

5
.{g Insert New

il

LI |

-25 Dgree
18
7800 kofm3d

Assembly View Options

v Elements
[~ Elements numbers

v Nodes numbers
[v Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

g

The user can also add other bearing to the model by clicking “Insert New” or double
clicking on the data sheet.

Materiall Element' Bearing Constraint ] Nodal Forcel Disc;’SIeeve] Spacer] Bearing Ring Cont(ol[ F'alame!erl Dulputl

o]

(" Linear Bearing (¢ Nonlinear Bearing

Start Node

End Node

Increment

Direction

Displacement

]

Radial inY
RadialinZ
Slope in*Z Plane
Slope in XY Plane

Cancel

MAL Inc. User Manual for SpindlePro.exe

# | StartNode l End Node Increment Direction Displacement &

1 21 4 Axial 0

2 21 34 4 Radial 0

3 21 34 4 Twist 0

4 21 34 4 Slope 0
- x
— ~ Constraint

Constraint Number
Ad

(- Constraint

g Delete

i

il

Modify

Add New

i

Insert New

i

Assembly View Options
[V Elements
[~ Elements numbers

[v Nodes numbers
[v Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

g
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After bearing data modification is complete, since the modal has now 5 DOF, the
constraints should be modified accordingly. In the nonlinear bearing model the constraint
data are same except the number of DOF. The definitions are all same as in linear modeling.
In order to decrease the computation time, the user can add some more constraints
depending on the applied forces. If the applied forces are same in magnitude or only in one
direction, the user can add constraint to all nodes. For instance, if there is only one force in
radial Y direction, radial in Z and slope in XZ plane can be constraint for all nodes since
there will not be any change in these directions.

R
Material | Element | Bearing Constraint I Nodal Force | Disc/Sleeve | Spacer | Bearing Ring Control | Parameter | Output | (" Linear Beaiing (' Nonlinear Bearing
~ Constraint

# | StartNode | End Node | Increment I Direction | Displacement ﬂ
1 21 34 ] Axial 0 B Delete
2 21 34 4 Radial inY 0
3 21 34 4 Radial in Z 0

=51 . Hodif
a4 34 4 Slope in X2 Plane 0 =
5 | ¢ | 4 | SopainXYPlane

— % Add New

Insert New

i

—~Assembly View Options
[V Elements
[~ Elements numbers

[V Modes numbers
[V Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

o
| \_L
[w]
W
=
o
o

The constraint representation in nonlinear modeling is shown in the figure. All the
DOF are constrained for the desired nodes similar to linear modeling.
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Malerial] Elementl Bearing' Constraint - MNodal Force ]Disc/SIeevel

# | Node | Direction Force/Moment &
1 1
2 1 Radial 1
3 1 Torgue 1
. =

Another part that has to be modified is the “Nodal Force”. In the linear modeling only the
direction and the magnitude of the force/moment are required. However, in the nonlinear
model the following data are required:

Force Function: The force should be defined in a text file with an extension of *.Tim so
that the software recognizes it. (i.e. Preload.Tim)

Start time: It shows the time when the user wants to start applying the force. This option is
used when there is a dynamic force in the model. Generally dynamic forces are applied
when the vibrations due to the static forces die out.

For FRF: This option is used for frequency response analysis. If the force is an impulse
force, the user has to select “Yes”. Otherwise, it should be set as “No”.

(" Linear Bearing ¢ Nonlinear Bearing

Material] E|ement] Bearingl Constraint N I Discf’SIeevel Spacel] Bearing Ring Conlloll Pararneterl Uulputl

~Nodal Force
Node I Direction Force Function Starttime I For FRF ﬂ
1 m&_‘ &l
1 Radial in Y 1 -1
1 Radial in Z 1 -1

Modify

Add New

iik

=

3 Insert New

i

~Assembly View Options
[V Elements
I~ Elements numbers

v Nodes numbers
v Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

=]
| \_\_
[
[
>
=}
@
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The required nodal force data are different from the linear analysis. The user has to provide
a force file which can be preload, static or dynamic force depending on the analysis.
a) Nonlinear Static Analysis: In the nonlinear static analysis, the applied forces have
to be static. Generally only the preload is applied in the nonlinear static analysis.
The preload is applied to the bearings so node number of the bearing is specified in
the Nodal Force Data. The name of the force file is also specified in this step. Since
this force is not an impact force, “Impact Force for FRF” should be set to “No” in
this analysis.

The example project file for nonlinear static analysis is “ManualExample NSA.spr”.
x|

~Nodal Force Data

Nodal Force #

Node 40 ¥
Direction Axial v

Force Function Name |ePro\Preload. Tim  Browse l
Start Time for Force i}

Function[s]

Impact Force for FRF ?|No -

oK | Cancel |

The force file has to be created by the user. The required file format is given below.
First line includes a text which can be any text. Second line includes the number of lines of
data. Third line shows the name of the columns such as “Time [s]” and “Force [N]”. Fourth
and the rest of the lines show the data in the given format. A comma or blank space can be
used between two numbers. The force file format is same for all kinds of forces.

For a linear force only two data points are enough to express as given in the example
file. In this example it is assumed that the preload is increasing linearly. The user can also
set a constant preload in which s/he still needs to use 2 data points. Linear preload is
preferred when the user wants to see the variation of bearing stiffness with respect to
preload.

S Wiz,
G
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& preload.Tim - Notepad j

File Edit Format Help

=10l

Time [s]
0,2000
15,3500

Force [N]

Kl

Number of Lines for Force Data _A_]
2

v

47

* Preload has to be a constant value for the analysis other than “Nonlinear Static

Analysis”.

b) Nonlinear Dynamic Analysis: In nonlinear dynamic analysis, a dynamic cutting
force is applied to the system. Static forces can still be applied to the system, i.e.
Preload, but this time it should be a constant force, i.e. Preload=3000N as in the
example, “Preload3000N.tim”. Dynamic forces, i.e. cutting forces, are defined in
the same manner as static forces, i.e. “CuttingForce.tim”. For a dynamic force data,

more data than static analysis should be provided for more accurate results. The example

project file for nonlinear dynamic response is ManualExample NDR.spr”.

Maleriall Element] Bearing] Consllainll Nodal Forcel DisclSleeveI Spacerl Bearing Ring Control

I Output ]

TR

Node I Direction I Force Function I Starttime I For FRF ﬂ
40 Axial o\ProgramiSpindleProyPreload30( 0 No
1 RadialinY  [>ro\ProgramiSpindlePra\CuttingFo

~Nodal Force

g Delete
% Madify

Add New

il

Insert New

i

" Linear Bearing ¢+ Nonlinear Bearing

MAL Inc.

User Manual for SpindlePro.exe

Assembly View Options
v Elements
[~ Elements numbers

v Nodes numbers
[V Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

o
| \‘\—
[w]
[}
=
=}
@
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¢) FRF from Linear Dynamic Response: FRF of the model can be calculated from
linear dynamic response. First the linear dynamic response module should be run
and then the FRF from time response module. Similar to other analysis static forces
can also be used in this analysis. Since the force is an impact force, “Impact Force
for FRF” should be set to “Yes” in this analysis. The preload for linear analysis is
no longer necessary if the dynamic force is not in the same direction as the preload
since the bearing stiffness is constant in this analysis, i.e. does not change with
preload.

If the impulse force is too big, the program cannot run the simulation because the

bearing stiffness changes too much.
1z Model Propetties T o =1Ex]

Material | Element | Bearing | Constraint | Nodal Force | Disc/Sleeve | Spacer | Bearing Ring Contral - Parameter IOutputI " Linear Beaiing (' Nonlinear Bearing

- Nodal Force

# [Node 1 Direction I Force Function | Starttime I For FRF ﬂ
Il 40 Axial >rof\ProgramiSpindlePro\preload9l 0 No E Delete
WA Focilin’[io\ProgramiSpindleProtHammerF]  15e2 | Yes |
— B Modiy
| 5 addNew
| =
= Insert New

Assembly View Options
v Elements
[~ Elements numbers

[V Nodes numbers
[V Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

g

The project file for linear dynamic analysis and FRF is “ManualExample FRF LDR.spr”.

For a hammer impulse data, there is no need to provide every time step for zero
force data. A typical hammer force file is given below.
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HammerForce.tim - Notepad 1ol x|

File Edit Format Help

Number of Lines for Data zl
27
Time Force

.000000e+000,-3.939240e-001
.000000e-005,-1.703693e-001
.000000e-005,-9.201173e-001
.200000e-004,-5.461143e-001
.600000e-004,-2.130744e+000
000000e-004,7.055125e+000
400000e-004,1.722502e+002
.3800000e-004,5.105661e+002
.200000e-004,7.218106e+002
.600000e-004,5.355036e+002
000000e-004,1.588575e+002
400000e-004,1.196176e+000
. 800000e-004,2.875985e+000
200000e-004,7.724265e-001
.600000e-004,-1.015812e-001
000000e-004,3.3879645e-001
400000e-004,1.908755e-001
.800000e-004,-3.299503e-003
.200000e-004,-2.273171e-003
600000e-004,1.083050e-003
000000e-004,-1.220504e-003
400000e-004,1.739702e-004
800000e-004,-3.148144e-005
.200000e-004,4.200200e-006
.600000e-004,9.864987e-008
000000e-003,0.000000e+000
0 , 0.000000e+000

PFPRPOUUYDOOONNMOOOAVUVALRRWWNNNER®LO

H
d) FRF from Nonlinear Dynamic Response: FRF of the model can also be
calculated from nonlinear dynamic response. First the nonlinear dynamic response
module should be run and then the FRF from time response module. Similar to other
analysis static forces can also be used in this analysis. Since the force is an impact
force, “Impact Force for FRF” should be set to “Yes” in this analysis. The project
file for nonlinear dynamic analysis and FRF is “ManualExample FRF NDR.spr”.

“Spacer” is used to transfer the forces between the bearings.
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Materiall Elemenl] Bearingl Conslraintl Nodal F" = L= . =i (" Linear Bearing (+ Nonlinear Bearing
Spacer
# [Beatingl IBearingZ Inner/Oute ~Spacer Data h) ~

— | Spacer Number B Delete
1st Bearing 1 v] E: Modiy
2nd Bearing 2 v]

— Bearing Ring Inner Ring v] % Add New

— Material |1 - Stainless Steel z] 25 (nsert New
Inside Diameter(Di) |60 ~| mm i
Outside Diameter(Do) (70 VI mm ~ Assembly View Options

v Elements

[~ Elements numbers

v Nodes numbers

[V Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

g

Spacer data are:

1%t Bearing: First bearing attached to the spacer

2"d Bearing: Second bearing attached to the spacer

Bearing Ring: The location of the spacer attached to the bearings, i.e. Inner Ring or
Outer Ring

Material: The material of the spacer

Inside Diameter (Di): Inside diameter of the spacer in mm

Outside Diameter (Do): Outside diameter of the spacer in mm
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i =l

Material | Element | Bearing | Constraint | Nodal Force | Disc/Sleeve Spacer IBearing Ring Control | Parameter | Output | " Linear Beaiing ( Nonlinear Bearing

- Spacer
Bearingl IBearingZ] Inner{Outer Ring | Material I 1.D. {mm) l OD.{mm) ~
1 2 Inner Ring 1 - Stainless Steel 60 70 E Delete
1 2 Quter Ring 1 - Stainless Steel 85 95
3 4 Inner Ring 1 - Stainless Steel 50 B0 z
3 70 =

Add New

i

Insert New

i

[~ Assembly View Options —
[V Elements
[~ Elements numbers

v Nodes numbers

[V Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

OK | Cancel |

“Bearing Ring Control” is the section for controlling the preloads on the bearings.
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Mateliall Elemenll Bealingl Constraint! Nodal Forcel Disc/Sleeve | Spacer Bearing Ring Control IF'alame!erI Uulpull (" Linear Bearing (*' Nonlinear Bearing

;' Bearing Ring

Fixed/Moveahle

Innet{Outer Ring

117 Add New Bearing Ring Control

— -Bearing Ring Control

Number
—— Bearing Number 1 A
Bearing Ring Inner Ring ¥
Control Fixed &

# Bearing l

Delete

i

il

Modify

Add New

i

Insert New

i

Assembly View Options

[V Elements
[~ Elements numbers

[v Nodes numbers

[v Bearings

Cancel

[~ Bearings numbers

E Full Screen

Add Graph to Report

g

oK | Cancel |

In the bearing ring control window,
Bearing Number: It indicates the bearing number
Bearing Ring: It indicates which side of the bearing is desired to be controlled, i.e. Inner

Ring or Outer Ring.
Control: The user can fix the ring to spindle shaft or housing by selecting “Fixed” or make
it movable along spindle shaft or housing by selecting “Sliding”

The ring control is shown with full green box for “Fixed” and empty green circle
for “Sliding” rings in the display window.
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Material | Element | Bearing | Constraint | Nodal Force | Disc/Sleeve | Spacer Parameter | Output | € Linear Bearing ¢ Noniinear Bearing
i~ Bearing Ring

# Bearing | Inner/QOuter Ring I Fixed/Moveable
1 1 Inner Ring Fixed B Dekete
2 1 Outer Ring Sliding
3 2 Inner Ring Sliding 3
4 2 Outer Ring Fixed E’ Hoc
5 3 Inner Ring Sliding
6 3 Outer Ring Sliding § Add New
7 4 Inner Ring Fixed
8 4 Outer Ring Slidin

=1 C — % Insert New

— Assembly Yiew Options
[V Elements

™ Elements numbers

[V Nodes numbers
[V Bearings

|~ Bearings numbers

E Full Screen

Add Graph to Report

o
| \_|_
o
o
>
o
ful

Fixed: When the ring of the bearing is fixed to the spindle shaft or housing, they do not
have a relative motion between each other.

Sliding: When the ring of the bearing is fixed to the spindle shaft or housing, they have a
relative motion between each other.

In the “Parameter” tabstrip the user can set the solution parameters and the initial bearing
stiffness for the iteration process.

-
>
L7 3

MAL Inc. User Manual for SpindlePro.exe 48/67



R s

- Solution Parameters

Total Number of Time Steps (Nstep) 15
Output every Nth steps 1

Time Increment (DT) 1 8]
Spindle Speed 2500 [rpm]

~Initial Bearing Stiffness

& Using Default

¢ User Defined File Browse
OK | Cancel I

Total Number of Time Steps (Nstep): It is the total number of steps used in the solution,
i.e. total time/time increment.

Output every Nth steps: It shows the at which time steps the user wants to display the
outputs

Time Increment (DT): It shows the time increment for the analysis. It should be at least 5-
10 times smaller than the highest frequency mode to be able to capture the data. In static
case time increment is the time steps at which point the user wants to obtain the results. (in
seconds)

Spindle Speed: The user may also include the speed effect in the analysis by entering the
spindle speed. (in revolution per minute)

Initial Bearing Stiffness: It is the initial bearing stiffness data which is required to start the
iteration process. The user can define a stiffness matrix file and input it using “User Defined
File” or use the default stiffness matrix. For nonlinear analysis (Nonlinear static and
Dynamic analysis), user can always use default, but for Linear Dynamic analysis, user has
to define the initial bearing stiffness file.
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a) Nonlinear Static Analysis: In the parameters tabstrip for nonlinear static analysis
the user can enter a spindle speed to include the speed effect on the bearing stiffness.
For the initial bearing stiffness the user can either use “Using Default” or “User

Defined File”.
x|

~Solution Parameters

Total Number of Time Steps (Nstep) 15
Output every Nth steps 1

Time Increment (DT) 1 [s]
Spindle Speed 2500 [rpm]

~Initial Bearing Stiffness

& Using Default

¢ User Defined File
OK | Cancel I

The project file for nonlinear static analysis is “ManualExample NSA.spr”.

b) Nonlinear Dynamic Analysis: For nonlinear dynamic analysis the user can still
run the analysis for a desired spindle speed although for high spindle speeds the
convergence is not guaranteed. If the iteration does not converge, the user can run
the nonlinear static analysis for the desired spindle speed and use the output
stiffness file in the linear dynamic analysis which will result the same output.
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x|

~Solution Parameters

Total Number of Time Steps (Nstep) I 1000

Output every Nth steps 200
Time Increment (DT) | o004 [g]
Spindle Speed | 0 [rem]

r~Initial Bearing Stiffness

" Using Default

& User Defined File IaIExampIe_NSAsti Elrowsel
OK | Cancel |

The project file for nonlinear static analysis is “ManualExample NDR.spr”.

c¢) FRF from Linear Dynamic Response: In the parameter tabstrip the only
difference for linear dynamic response is the “Initial Bearing Stiffness”. The user

has to provide the bearing stiffness file to the software for the analysis.
x|

~Solution Parameters

Total Number of Time Steps (Nstep) 1000

Output every Nth steps 200
Time Increment (OT) 00004 [s]
Spindle Speed 0 [rpm]

~Initial Bearing Stiffness

 Using Default

/ \
< & User Defined File IalExampIe_NSA.sti Browse >
\

OK | Cancel I

The  project file  for FRF from linear dynamic
response is “ManualExample FRF LDR.spr”.
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d) FRF from Nonlinear Dynamic Response: The solution parameters are very
similar to the ones in nonlinear dynamic response example. The user is always
recommended to run the nonlinear static analysis and then use the bearing stiffness
file as the initial bearing stiffness in nonlinear dynamic analysis.

The  project file  for FRF from nonlinear dynamic
response is “ManualExample FRF NDR.spr”.

The outputs are also set by the user. The node and the direction are selected for each output.

0

Material | Element | Bearing | Constraint | Nodal Force | Disc/Sleeve | Spacer | Bearing Ring Control | Parameter  Output I (" Linear Bearing (* Nonlinear Bearing
Output Selection
# [Node Direction 4 -
I |13 Add New Dutput DOF X]
g Delete
E -Output DOF -
= Modif
Output Set E’ =y
Hlads ! | 5 sddNew
Direction m
T — =]
Insert New
Radial in Y =
L] RadialinZ
— Slope in*Z Plane =
Slope in XY Plane
— Assembly View Options
[V Elements

[~ Elements numbers

v Nodes numbers
[V Bearings

........... 20 [~ Bearings numbers

% Full Screen

Add Graph to Report

g
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{3 Model Properties =100 %]

Material | Element | Beaing | Constiaint | Nodal Force | Disc/Sleeve | Spacer | Bearing Ring Control | Parameter - Output (" Linear Bearing (* Nonlinear Bearing

~ Dutput Selection -
# | Node | Direction ﬂ
1] 1 Axial B Dekete
2 1 Radial inY
— B Modiy
5 addNew
— :',g Insert New
| =

—Assembly View Options
[V Elements
[~ Elements numbers

[v Nodes numbers
[v Bearings

[~ Bearings numbers

E Full Screen

Add Graph to Report

g

oK | Cancel |

2 - Processor

Nonlinear Static Analysis: In the Nonlinear Static Analysis the aim is to predict the bearing
stiffness under given static loading for a desired spindle speed. The static forces can be
preload or any other static force. The user can run the nonlinear static analysis using either
of the following ways.

! Run

| 4

Monlinear Static Analysis Monlinear Static Analysis

Linear Dynamic Response Linear Dynamic Response
Monlinear Dynamic Response Monlinear Dynamic Response

Linear Dynamic Response: It is used to predict the time response of the model under
dynamic forces using linear bearing model, i.e. constant bearing stiffness. The user can run
the analysis using either of the following ways.
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v

R

static Analysis

Undamped Modal Analysis

Run
I Damped Modal Analysis
Static Analysis
Modal snalysis 3 FRE analysis
FRFE Analysis » FRE Analysis WIth Modal Damping
Monlinear Static Analysis Monlinear Static Analysis

Linear Dynamic Response Linear Dynamic Response

Monlinear Dynamic Response Monlinear Dynamic Response

- In the linear dynamic response analysis the user has to provide the bearing stiffness matrix
which can be obtained through the nonlinear static analysis.
- The bearing stiffness is assumed to be constant during the analysis.

- The nodal forces can also be dynamic. The preload is no longer necessary for linear
dynamic analysis.

x
e Axial Modes
Mode Frequency | Damping Ratio [ -
1 £55.52 01 |
. : 2 1671.68 01
Common Damping Ratio
' forBendingModes:  |0.03 3| 283175 0.1
. : : 4 2978.01 01
v rGnly include modes FIE lt:he flollcltv:!ng 5 #2218 01
requency range in calculation. & 467599 01
From Hz To Hz 7| 487452 0.1
h |1 0000 b RRRR 75 n1 Ll
Bending Modes in X-Y Plane Bending Modes in X-Z Plane
Mode Frequency ] Damping Ratio I - Mode Frequency I Damping Ratio [ -
1 580.83 0.03 i 1 580.83 0.03 [
2 704.72 0.03 2 704.72 0.03
3 836.09 0.03 3 836.09 0.03
4 1399.14 0.03 4 1399.14 0.03
5 1441.32 0.03 5 1441.32 0.03
5 1731.16 0.03 3 1731.16 0.03
7 2172.05 0.03 7 2172.05 0.03
] 2R29N7 nn3 l.l ] 2R294N7 nn3 L.I

Fif Frequency Range : From {100 Hzto |3000 Hz
Number of Steps : |1;][|[; Ok I

After running the Linear Dynamic Response, “Modal Damping Ratios” window
appears. The modal damping values for axial and bending modes are displayed in this
window. The user can modify the modal damping values. FRF Frequency Range can also
be set by the user in this window.

Nonlinear Dynamic Response: It is used to predict the bearing stiffness, contact force,
contact angles, displacement, velocity and acceleration using nonlinear analysis. The user
can run the analysis using either of the following ways.

<,
K7
%
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b

static Analysis

Undamped Modal &nalysis

’ Run ;
= T Damped Modal Analysis
Static Analysls
Modal &ralysis y FRE Analysis
FRE Analysis y FRE Analysis WIth Modal Darmping
Monlinear Static Analysis Monlinear Static Analysis
Linear Dynamic Response Linear Dynamic Response
Monlinear Dynamic Response Monlinear Dynamic Response

- The effect of the spindle speed can also be included in the analysis but it might cause
convergence problems for very high spindle speeds.

If the analysis does not converge because of the very high spindle speed, the user can
Nonlinear Static Analysis first analyze the model statically using the same spindle speed

and then run the linear dynamic response using the bearing stiffness file output.

3 - Postprocessor

a) Nonlinear Static Analysis
The outputs of the nonlinear static analysis are the displacement, bearing stiffness and
bearing contact force.

If linearly increasing preload is used in the nonlinear static analysis, the output
bearing stiffness file should be modified for the other analysis, i.e. in linear dynamic
response the user needs to provide the bearing stiffness file. Since the program only reads
the first set of stiffness values, the values before the desired preload should be deleted from
the file and the file needs to be saved like this for this analysis. (i.e. if the second preload is
desired to be used, the first load step data should be deleted.) If the preload is constant, this
procedure can be ignored.

The sentences in the file are not important since they are put only for information to the
user. The user can modify anything except the numbers in the file.
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The

First Preload

ManualExample_NSA.sti - Notepad = |D|§]
File Edit Format Help
Final results (Load Step = 1; No. of Iteration for this step = 4) -
Bearing stifness for bearing: 1
Kx Ky K2 Kry Krz
0.1125E+09 -.2405E+01 0.3813E+00 0.7765E-02 0.4896E-01 kx
-.2405E+01 0.2064E+09 0.1106E+01 0.2172E-01 -.4054E+07 Ky
0.3813E+00 0.1106E+01 0.2064E+09 0.4054E+07 -.2172E-01 kz
0.7765E-02 0.2172E-01 0.4054E+07 0.8547E+05 -.4580E-03 kry
0.4896E-01 -.4054E+07 -.2172E-01 -.4580E-03 0.8547E+05 krz
Bearing stifness for bearing: 2
Kx Ky Kz Kry Krz
0.1088E+09 -.2341E+01 0.3704E+00 0.7508E-02 0.4744E-01 kx
-.2341E+01 0.2015E+09 0.1080E+01 0.2114E-01 -.3945E+07 Ky
0.3704E+00 0.1080E+01 0.2015E+039 0.3945E+07 -.2114E-01 kz
0.7508E-02 0.2114E-01 0.3945E+07 0.8263E+05 -.4428E-03 kry
0.4744E-01 -.3945E+07 -.2114E-01 -.4428E-03 0.8263E+05 krz
Bearing stifness for bearing: 3
Kx Ky Kz Kry Krz
0.1020E+09 0.2143E+01 -.3782E+00 0.6568E-02 0.3724E-01 kx
0.2143E+01 0.1811E+09 0.1078E+01 -.1737E-01 0.3018E+07 Ky
-.3782E+00 0.1078E+01 0.1811E+0% -.3018E+07 0.1797E-01 kz
0.6568E-02 -.1797E-01 -.3018E+07 0.5452E+05 -.3247E-03 kry
0.3724E-01 0.3018E+07 0.1737E-01 -.3247E-03 0.5452E+05 krz
Bearing stifness for bearing: 4
Kx Ky K2 Kry Krz
0.1038E+09 0.2164E+01 -.3811E+00 0.6634E-02 0.3768E-01 kx
0.2164E+01 0.1833E+09 0.1091E+01 -.1823E-01 0.3061E+07 ky
-.3811E+00 0.10%1E+01 0.1833E+09 -.3061E+07 0.1823E-01 kz
0.6634E-02 -.1823E-01 -.3061E+07 0.5552E+05 -.3306E-03 Kry
0.3768E-01 0.3061E+07 0.1823E-01 -.3306E-03 0.5552E+05 krz
=——===Final results=——= (Load Step = 23 No. of Iteration for this step = 1)
Bearing stifness for bearing: 1
Kx Ky Kz Kry Krz
0.1148E+09 -.2446E+01 0.3878E+00 0.7923E-02 0.4996E-01 kx
-.2446E+01 0.2093E+09 0.1122E+01 0.2208E-01 -.4120E+07 Ky
0.3878E+00 0.1122E+01 0.2093E+09 0.4120E+07 -.2208E-01 kz
0.7923E-02 0.2208E-01 0.4120E+07 0.8722E+05 -.4674E-03 kry
0.4996E-01 -.4120E+07 -.2208E-01 -.4674E-03 0.8722E+05 krz
Bearing stifness for bearing: 2
Kx Ky Kz Kry Krz
0.1110E+09 -.2380E+01 O0.3766E+00 0.7658E-02 0.4838E-01 kx
-.2380E+01 0.2044E+09 0.1095E+01 0.2148E-01 -.4008E+07 Ky
0.3766E+00 0.1095E+01 0.2044E+09 0.4008E+07 -.2148E-01 kz
0.7658E-02 0.2148E-01 0.4008E+07 0.8427E+05 -.4516E-03 Ky
0.4838E-01 -.4008E+07 -.2148E-01 -.4516E-03 0.8427E+05 krz
Bearing stifness for bearing: 3
Kx Ky Kz Kry Krz Ll

results can be viewed by using the Results option from the menu.
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Results

Report

I4odal solution (numetic)
Reaction farces (numeric)
Axial deflection (araphic)
Radial deflection (grapfic)
Twist angle (araphicy
Slope (araphic)

Matural Frequencies
Undamped Mode Shapes

Natural Frequencies and Damping Ratios
Damped Mode Shapes

FRF
FRE With Modal Damping

Timn e
Bearing Stiffness
Bearing Contact Force
FRE from Time Response

Velacity Respanse

Acceleration Response

Only the displacements of the defined DOFs can be displaye

d in the results.

15[
Displacement [m]
~D.OF.
2.63E-05— Output Set #
/ 1 Radialin Y
2.10E-05—
1.58E-05—
1.05E-05— Cursor Zoom | Reset
5.25E-06—
Add Graph to Report |
| | | | | | i i Output to Text File |
0.00E00 i i - : ! ! | |
1.00E00 2.75E00 4.50E00 6.25E00 8.00E00 9.75E00 1.15E01 1.33E01  1.50E01
Time [s] oK |
Point Coordinates : X:|11 Y:|2_4190235_05 <.| .>|

2

!I““”
(/ &

N

MAL Inc. User Manual for SpindlePro.exe

57/67



The change in the bearing stiffness for each bearing can also be displayed.
1ol x|
Bearing Stiffness [N/m]

i~ Bearing Selection

1 50E08— Bearing #

2 i Awial X

7 " Radil _Y
" Radial Z
" Rot Y

" Rot.Z
1.00E08——

Cursor Zoom | Reset

5.00E07—

Add Graph to Report |
Output to Text File I
0.00E00 | | | | | | |

T T T T T T T
1.00E00 2.75E00 4.50E00 6.25E00 8.00E00 9.75E00 1.15E01  1.33E01  1.50E01

Time [s] —IDK

Point Coordinates:  X:[15 Y :[1.412399E 408 [ =

The change in the bearing contact force for each bearing can be displayed as a result of
nonlinear static analysis.

11y,
D s

:

K> S
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|7 Bearing Contact Force il .-;]EL)_(‘

Maximum Contact Forces Among the Bearing Balls [N]

i~ Bearing Selection
2 00E02—— Bearing #
2 " Inner Ring
i ¢ DOuter Ring
1.50E02—
1.00E02— e
) HOS| s
Cursor Zoom | Reset
5.00E01——
Add Graph to Report |
; | I ; | I I I Output to Text File |
0.00E00 T T T T T T T 1
1.00E00 2.75E00 4.50E00 6.25E00 8.00E00 9.75E00 1.15E01  1.33E01  1.50E01
Time [s] —IDK

Point Coordinates: - X:[10 Y :[163.0845 | >

b) Nonlinear Dynamic Response

The outputs of the nonlinear dynamic response are the bearing stiffness, bearing
contact force and time response. In this example the dynamic force is a cutting force in the
radial direction. Since the cutting force starts acting after a given time, the effect of the
cutting force can only be seen after that given time.
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|7 Displacement Response
Displacement [m]
~D.OF.
5. 00E-05—— Output Set #
1 Radialin
4.00E-05—
3.00E-05
ey
2.00E-05—H Zoom | Reset
1.00E-05—+-
Add Graph to Report |
Output to Text File I
0.00E00 T I T T T T I 1
9.60E-05 968E-03 1.93E-02 2.89E-02 3.84E-02 4.80E-02 576E-02 6.72E-02 7.68E-02
Time [s] —IDK
Point Coordinates : X:| Y:| <-| ->|
|7 Displacement Response il 3 _|D|l(]
Displacement [m]
~D.OF.
6.00E-04—— Output Set #
1 Aial
5.00E-04—
4.00E-04—
3.00E-04—1
2.00E-04—
ey
1.00E-04— Zoom | Reset
0.00E00 | BN | . i i H
9.68E-03 1.9BE-0 TBQE 02 ||3.84E-00 4[30E 76H-02(| 6.7RE-( 63E-02
-1.00E-04—
Add Graph to Report |
-2.00E-04—
Output to Text File I
-3.00E-04—
Time [s] 0K |
Point Coordinates : X:| Y:| <-| ->|
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|7 Bearing Stiffness il =101 x]

Bearing Stiffness [N/m]

i~ Bearing Selection
2.00E08—— Bearing #
2 % Azial _X
3 " Radial Y
" Radial Z
1.50E08] € Ry
" Rot.Z
1.00E08—H
ey
Zoom | Reset
5.00E07—
Add Graph to Report |
; | | I ; I I I Output to Text File I
0.00E00 T T T T T T T 1
960E-05 968E-03 1.93E-02 289E-02 3.84E-02 4.80E-02 576E-02 6.72E-02 7.6BE-02
Time (5] OK |

Point Coordinates : X | e | L] _>|

|7 Bearing Contact Force il .-nglq

Maximum Contact Forces Among the Bearing Balls [N]

i~ Bearing Selection
1.00E03— Bearing #
2 ' Inner Ring
3 ¢ DOuter Ring
8.00E02——
6.00E02——
ey
4.00E02— Zoom | Reset
2.00E02—H
Add Graph to Report |
Output to Text File
0.00E00 ! | I | | | | | o Sl |

T T T T T T T 1
9.60E-05 9.68E-03 193E-02 289E-02 3.84E-02 480E-02 4676E-02 6.72E-02 7.68E-02

Time (5] s |
Point Coordinates : X | e | L] _>|

2

!I““”
(/ &

s MAL Inc. User Manual for SpindlePro.exe 61/67



¢) FRF from Linear Dynamic Response:
The outputs of the dynamic linear response are the time response of the model such as
displacement, velocity and acceleration. Depending on the nodal force the results for linear
dynamic response change. If the nodal force is an impulse force, bearing stiffness, bearing
contact force and FRF from time response can also be found in the results.

iz Displacement Response i

Displacement [m]

~D.OF
Output Set #

-1 Awial
1 Radial in'Y

1.50E-05—
1.00E-05—
5.00E-06—
0.00E00 f i i i f f i |
4.00E-05 45.03E-03 1.00E-02 1.50E-02 2.00E-02 250E-02 3.00E-02 350E-02 4.00E-02
Time [s]
Point Coordinates : | Y <-| ->1
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Cursor | Zoom | Reset

Add Graph to Report |
Output to Text File |

oK |
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|7 Acceleration Response i

Acceleration [m/s s]

2.00E04—

1.50E04—

1.00E04—

5.00E03—

0.00E00 |

5.03E-03

-5.00E03—4-

-1.00E04—-

-1.50E04—

1.00E-02 1.508 I

Time [s]

2.50E-0

2 3.00E-02 3.50E-02 4.00E-02

|7 Bearing Stiffness u

Bearing Stiffness [N/m]

Point Coordinates : X |

v Lol 2

1.50E08——
l
1.00E08—
5.00E07—
0.00E00 !
4.00E-05

Time [s]

T T T T T T T 1
5.03E-03 1.00E-02 1.50E-02 200E-02 250E-02 3.00E-02 3.50E-02 4.00E-02

%

!!\u i,
(/ &

N

Point Coordinates : X |

v Lol 2
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~D.OF.
Output Set #
1 Aial

ey

Zoom | Reset

Add Graph to Report |
Output to Text File I

0K |

o ] S
i~ Bearing Selection

Bearing #
2 % Azial _X
3 € Radil _Y

" Radial Z

" RotY

" Rot.Z

ey

Zoom | Reset

Add Graph to Report |
Output to Text File I

0K |
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|l7 Bearing Contact Force i 13 _-ngiq

Maximum Contact Forces Among the Bearing Balls [N]

— Bearing Selection
4.00E02—— Bearing #
2 ¢ Inner Ring
43 " Duter Ring
3.00E02—
2.00E02—
(23}
Cursor | Zoom | Reset
1.00E02—
Add Graph to Report |
I | I | I i I ; Output to Text File |
0.00E00 T T T T T T T 1
4.00E-05 5.03E-03 1.00E-02 1.50E-02 2.00E-02 250E-02 3.00E-02 3.50E-02 4.00E-02
Time [s] —IOK

Paoint Coordinates : X:l Y:l <-| ~>|

\l3 Frequency Response from Nonlinear Analysis il ;]Ell‘

Real Part (m/N)

~D.OF.
18006 Output Set #
1.00E-06+ 1 Aial
5.00E-071
0.00E00 : } ; T S y y
4.74E02 .2 1.18E03 54 03\yﬂﬁﬁ3 .25E0 5 U6ED3
-5.00E-071
-1.00E-06+ # %
-1.50E-06-+ Real-Im _M-Phi
Frequency (Hz)
Paint Coordinates : X:|1340.353 Hz  ¥:[g351421E-07 m < | > I

Imaginary Part (mJN)

1.20E02 4.74E02 8.29E02 1.18E03 1.54E03 1.89E03 2.25E03 2.60E03 2.9BE03
0.00E00 + L } + ' f L | .
TGN
Cursor Zoom | Reset
-5.00E-07+
-1.00E-061
-1.50E-06+ Add Graph to Report |
Create * fif File I
-2.00E-061

Frequency (Hz)

Point Coordinates : X:|134|1353 Hz Y:|.3‘9551335.07 m <-| ->| OK |

2
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d) FRF from Nonlinear Dynamic Response:

The outputs of the nonlinear dynamic response are the bearing stiffness, bearing contact
force and time response. In this example the dynamic force is an impulse force; therefore
running the nonlinear dynamic response will also output the FRF of the model from
nonlinear dynamic response.

I3 Displacement Response N =0 x|

Displacement [m]

~D.OF.

2.50E-04— Output Set #
1 Auial

2.00E-04—

1.50E-04—

1.00E-04—

5.00E-05—

n ML {\ I\ /‘\ Cursor | Zoom | Reset
0.00E00 } | | |" | I/\VAVA%@M/\VA 4 A
5.03E-03 1.00E-02 1.50E-0 \qflE\!ﬂ\f #U‘H—DE 3.00EX02 3.50E-02 4.00E-02

-5.00E-05—
4dd Graph to Report |

-1.00E-04—
Output to Text File |

-1.50E-04—
Time [s] ag |

Point Coordinates : ~ X: | Y Ll __>1
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i5ix]

Bearing Stiffness [N/m]

i~ Bearing Selection
2 00E08—— Bearing #
b {+ Azial _X
3  Radial Y
" Radial Z
1.50E08—H Landor
" Rot.Z
1.00E08—
ey
Zoom | Reset
5.00E07—1
Add Graph to Report |
; | | I ; I I I Output to Text File I
0.00E00 T T T T T T T 1
4.00E-05 5.03E-03 1.00E-02 1.50E-02 2.00E-02 250E-02 3.00E-02 3.50E-02 4.00E-02
Time [s] —IDK

Point Coordinates : X | e | Ll _)l

i5ix]

Bearing Stiffness [N/m]

i~ Bearing Selection
2 00E08—— Bearing #
b {+ Azial _X
3  Radial Y
" Radial Z
1.50E08—H Landor
" Rot.Z
1.00E08—
ey
Zoom | Reset
5.00E07—1
Add Graph to Report |
; | | I ; I I I Output to Text File I
0.00E00 T T T T T T T 1
4.00E-05 5.03E-03 1.00E-02 1.50E-02 2.00E-02 250E-02 3.00E-02 3.50E-02 4.00E-02
Time [s] —IDK

Point Coordinates : X | e | Ll _)l

%
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|i7 Frequency Response from Nonlinear Analysis B = | Dlﬁ

Real Part (m/N)

~D.OF.
1.50E-06-

OEE Output Set #
1.00E-061 1 Avial
5.00E-071
0.00E00 + } } A .. S ; |

4.74E02 2 1.18E03 il 03\}39@3 .25E0 : 9BED3
-5.00E-071
-1.00E-06+ Ii E %
-1.50E-064 Real-Im _M-Phi
Frequency (Hz)
Point Coordinates :  X:[1340.868 Hz  Y:[g150855E-07 m < | > l

Imaginary Part {(m/N)

1.20E02 4.74E02 829E02 1.18E03 1.54E03 1.89E03 225E03 2.60E03  2.96E03

0.00E00 .
|[>w1(_5
-5.00E-071 Cursor Zoom | Reset
-1.00E-06+
-1.50E-06+
Add Graph to Report
-2.00E-06+ I
Create * fif File I
-2.50E-06+

Frequency (Hz)

Point Coordinates : X:|134|1353 Hz Y:|.5.515QEA07 m <-| ~>| OK I

%

!!\u i,
(/ &
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