Gear Vibration

Vibration frequencies generated by paper
machine differential gearbox drives
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ABSTRACT:Vibration data on differential gearboxes found on
line shaft driven paper machines are analyzed, and background
Is given on computing gearmesh frequencies and shaft speeds
found inside the gearboxes.Differential cluster mechanics are
also covered. An example analysis spreadsheet is provided as a
guide for the user; it identifies both good and bad frequencies to
look for at each data collection position.
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he purpose of this paper is to

aid the user in analyzing vibra-
tion data collected on differential
gearboxes commonly found on line
shaft driven paper machines. Back-
ground on computing gearmesh fre-
guencies and shaft speeds found
inside the gearboxes are given be-
cause it is very common to have a
number of gearboxes on the same
paper machine with different gear
tooth counts, depending on the ap-
plication, input speed, required draw,
required horsepower, or required
output speed. Also, differential clus-
ter mechanics are covered because
they require a special analysis to de-
termine the resulting shaft speeds
and gearmesh frequencies. Further-
more, an example analysis spread-
sheet is be provided as a guide for
the user. It identifies both “good”

and “bad” frequencies to look for at
each data collection position. For
example, one expects to find 1IX GMF
(gearmesh frequency). However, a
bearing defect frequency or har-
monic indicates gearbox bearing
problems developing.

Calculating GMF
and shaft speeds

To accurately determine the source
of gear problems identified by vi-
bration analysis, it is essential to be
able to calculate gearmesh frequen-
cies as well as determine intermedi-
ate shaft speeds by calculations
based on gearmesh frequency and
number of teeth on a gear. Worn or
misaligned gears show vibration at
gearmesh frequency and its harmon-
ics with 1X rpm sidebands, there-
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fore, this section focuses on deter-
mining these frequencies. Figure 1
shows the internal gears and shafts
of a differential gearbox.

Gearmesh frequency is calculated
by multiplying the number of teeth
on a gear by the rotational speed of
the shaft to which that gear is at-
tached.

GMF = No. teeth on gear x shaft ri{t)
Example [see Fig. 1 (2)]
Line shaft rpm = 962 (this is known)

Number of teeth on line shaft gear = 76

GMF =962 x 76 = 73,112 cycles

Line shaft gear
per minute (cpm)

A meshed gear’s shaft speed is
calculated on the factual basis that
mating gears have the same GMF.
Since the first outer differential gear
mates with the line shaft gear, the
two gears have the same GMF
(73,112 cpm). Therefore, the first
outer differential gear speed can be
calculated if the number of teeth on
the first outer differential gear is
known (76 teeth in this case).

Shaft rpm = GMF/Number of teeth on gear

Example (see Fig. 1)
GMF = 73,112 cpm

Number of teeth on first outer differential
gear =76

Differential gear rpm =73,112 cpm/76 teeth
=962 rpm.

Ignoring the differential cluster
for now, note from Fig. 1 that the
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PIV (positive infinitely variable) in-
put gear is also in mesh with the first
outer differential gear. Therefore, it
will also have the same GMF (73,112
cpm) and the PIV input shaft rpm
can be calculated since it is known
that the PIV input gear has 89 teeth:

PIV input shaft rpm = 73,112 cpm/89 teeth
=821 rpm

Assuming a 1% reduction in the
PIV unit (the PIV unit will be dis-
cussed in detail in the following sec-
tion), the PIV output shaft speed
would be 821 rpm x 0.99 = 813 rpm.
Now, the GMF for the PIV output
gear can be calculated since there
are 19 teeth on this gear:

GMF

PIV output gear

15,447 cpm

= 813 rpm x 19 teeth =

The PIV output gear mates with
the 1st primary variable gear (51
teeth). Therefore, the primary vari-
able shaft rpm can be calculated as
follows:

Primary variable rpm = 15,447 cpm/51 teeth
=303 rpm

Note, from Fig. 1, that there is a
second gear, 2nd primary variable
gear (20 teeth), also attached to the
primary variable shaft. Even though
the 2nd primary variable gear is on
the same shaft as the 1st primary
variable gear, it will have its own
GMF:

GMF

2nd primary variable gear

6060 cpm

=303 rpm x 20 teeth =

The balance of the gear train compu-
tations are as follows:

Main variable rpm = 6060 cpm/88 teeth =
68.86 rpm

GMF

2nd main variable gear

3099 cpm

= 68.86 rpm x 45 teeth =

2nd Differential gear rpm = 3099 cpm/81
teeth = 38 rpm

This approach is used throughout
any gear train to determine GMF
and shaft speeds. See the following
sections on PIV unit and differential
cluster to gain a full understanding
of the differential drive and gear unit.

94 August 1995 Tappi Journal

1. Differential drive and gear train
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PIV unit

The PIV unit’s purpose is to allow
small adjustments to the output
speed of the gearbox by slightly al-
tering the speed of the 2nd differen-
tial gear (see differential cluster
section). This allows the process per-
sonnel to control the amount of draw
on the paper between sections of the
paper machine. At this time, no at-
tempt to perform “predictive main-
tenance” on this unit will be
conducted since there are many dif-
ferent mechanical types of PIV units
in use. One experienced analyst (3)
believes it is very difficult to monitor
these units with vibration analysis
and that preventive maintenance is
the best course of action with these
units. See the “Owner’s Manual” for
the PIV unit in your plant to ad-
equately perform the proper tech-
niques of preventive maintenance to
keep the PIV unit in the best pos-
sible condition and allow the longest
possible uninterrupted service.

It is very important that the ana-
lyst tach or strobe the input and out-
put shafts of the PIV unit to be able
to determine successfully the subse-
quent gear and shaft rpms in the

gearbox as well as the gearbox out-
put speed. In other words, the PIV
reduction (or increase) factor must
be known for accurate analysis.

Differential cluster

We begin this section with a discus-
sion of how a differential cluster func-
tions and then discuss the calculation
of shaft and gear speeds, as well as
the expected gearmesh and bearing
defect frequencies. The differential
cluster in Fig. 1 is made up of the 1st
outer differential gear, 1st zerol gear,
2nd zerol pinions, 2nd zerol gear, 2nd
outer differential gear, spider shaft,
and the differential shaft. The differ-
ential cluster follows the theory of
beveled differentials without spirals.
The first and second outer differen-
tial gears are driven by the gears
that mate with them. Neither of these
gears are attached to the differential
shaft, as may be inferred from Fig.
1. They turn freely on two internal
bearings that ride on the differential
shaft, zerol gears (1 and 2), are per-
manently attached to and turn at the
same speed as the first and second
outer differential gears. The zerol
gears are not attached to the differ-



2. Non-PIV side of differential gear case
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ential shaft either. The combination
of the 1st outer differential gear and
the 1st zerol gear is called the 1st
differential combination, and simi-
larly for the 2nd differential gear and
2nd zerol gear. The zerol gears mate
with two zerol pinions mounted in
between them. The zerol pinions are
mounted on bearings on the spider
shaft and are therefore allowed to
turn freely around the spider shaft
without turning the spider shaft
about its longitudinal axis. The spi-
der shaft is mounted to the differen-
tial shaft in a perpendicular direction.
When there is a net difference in the
speed of the 1st and 2nd differential
combinations, it will cause the zerol
pinions and the spider shaft to rotate
about the differential shaft. Since the
spider shaft is directly attached to
the differential shaft, the differen-
tial shaft will rotate at this speed
also.

Now we will focus on calculating
the frequencies (shaft speeds, gear
speeds, gearmesh frequencies, etc.)
that are generated by the differen-
tial cluster. Assuming that we know
the gear teeth counts and the PIV
input to output ratio, the 1st and 2nd
differential combination speeds can
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then be calculated. For purposes of
example calculations, the 1st differ-
ential combination will be turning at
962 rpm and the 2nd differential com-
bination will be turning at 38 rpm.
The equation for calculating rota-
tional speeds in a differential cluster
is as follows (4):

W *w =20
a b arm

where

w, = lstdifferential combination

w, = 2nd differential combination
w = speed at which the spider shaft

o is spinning.

Note that the direction in which
each gear is turning is important to
the calculation of the final speed of
the arm (spinning of the spider shaft).
If the two gear combinations (1 and
2) are turning in the same direction,
their speeds will be added together
and then divided by 2 to determine
the final speed at which the spider
shaft is spinning. This is equal to the
rotational speed of the differential
shaft since it is attached to the spi-
der shaft. However, if one of the dif-
ferential combinations is turning in
the other direction from the other,
then the speeds would be subtracted

from each other and then divided by
2 to determine the final differential
shaft speed. Note that the direction
in which the differential shaft will be
rotating will be the direction of the
fastest turning differential combina-
tion.

In the example, from Fig. 1, the
two differential combinations are
turning in the same direction, there-
fore:

... = (968 + 38)/2 = 500 rpm

Since there are bearings in the
zerol pinions, it is necessary to be
able to calculate their rotational
speeds to determine the location of
bearing defect frequencies in a spec-
trum. The speed at which the zerol
pinions turn is equal to the algebraic
difference between the zerol gears
multiplied by the number of teeth on
the 1st zerol gear to obtain the zerol
gear and pinion mesh frequencies.
The 1st zerol gearmesh is then di-
vided by the number of teeth on the
zerol pinion to obtain the speed at
which the zerol pinions rotate about
their own spider shaft.

= w, zw, X (Number of teeth on

zerol pinions

1st zerol gear)/(Number of teeth on the zerol

pinion)
where

w, = lstdifferential combination
speed

w, = 2nd differential combination
speed.

Note: The algebraic difference is
used in this equation. Therefore, if
the differential combinations are ro-
tating in the same direction their
speeds are subtracted.

zerol pinions_

35 teeth = 1531 rpm

Data collection locations

As with most rotating equipment, the
best place to acquire data from the
differential gearbox is as close to the
bearings as possible since vibration
travels from its source through the
shaft and out through the bearings
to the foundation. Figure 2 (2) is the

=[(962 rpm — 38 rpm) x 58 teeth]/
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SRR R B R

differential gearbox showing it from
a view of the non-PIV end. Positions
1 through 6 have been designated on
this end of the gearbox at each ac-
cessible bearing housing. Note that
position 11, the drive to the transfer
case, is also shown in this view. Fig-
ure 3 (2) shows the gearbox from
the PIV end and positions 7 through
14 are visible on this view. These
position numbers will be referenced
in Table 1.

In addition to vibration measure-
ments, certain shaft speeds should
be documented in the field during
data collection using either a strobe
light or tachometer. The line shaft
speed must be measured to have a
starting point for the calculations.
The PIV input shaft can be calcu-
lated using the earlier mentioned
methods. However, it is wise to also
record the PIV input shaft speed to
verify the gear tooth counts in the
gearbox as well as the shaft speed
calculations. The PIV output must
be measured since it is difficult to
know the speed increase or redue-
tion setting across the PIV unit. The
PIV output speed will be used to
determine the shaft speeds and
gearmesh frequencies associated
with the primary and main variable
as well as the 2nd differential combi-
nation. At a minimum, the lineshaft
and the PIV output must be mea-
sured to calculate all gearmesh, shaft
speed, and bearing frequencies.

Differential gearbox
frequency analysis

Many vibration frequencies may be
generated by the paper machine dif-
ferential gearbox. In order to prop-
erly analyze the “peaks” in the
vibration spectra a “spreadsheet”
should be developed for each differ-
ential gearbox being analyzed. Table
Iis a guide to be used by the analyst
to create a spreadsheet specific to
each gearbox under analysis. The
rpms, gear tooth counts, and bear-
ings listed in Table I are meant only
as an example and do not represent
any particular differential gearbox
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in use on a paper machine. The ana-
lyst must determine the exact drive
system, gear tooth counts, shaft
rpms, and bearing numbers to cre-
ate a new spreadsheet particular to
each different differential gearbox
for proper analysis. The “shaded”
areas of Table I indicate the infor-
mation required to be obtained by
an analyst for each differential gear-
box under analysis.

“Good” and “bad” frequencies

Table I lists frequencies that may be
generated by the differential gear-
box, as well as the harmonics of the
fundamental frequency. The analyst
can expect to see frequencies such
as shaft speed, gearmesh (GMF), 1
or 2 harmonics of each of these, as
well as shaft speed sidebands around

GMF and GMF harmonics under ac-
ceptable operating conditions. How-
ever, the appearance of other
frequencies such as bearing defect
frequencies or multiple families of
shaft speed sidebands around GMF
and GMF harmonies indicates prob-
lems in the gearbox. Sidebands of
the listed frequencies are not in-
cluded in this table, however, analy-
sis of the number of sidebands as
well as a trend of sideband ampli-
tudes are essential to determine
properly the machine condition.
Due to the number of frequencies
generated by the differential gear-
box, and the fact that low frequency
vibration ean travel through many
mechanical components, the table
has been broken into position num-
bers for analysis purposes. This al-
lows the analyst to focus on the
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mechanical components that are
closest to each bearing measurement
location without “muddying” the
analysis by trying to identify every
frequency that occurs at every data
collection position. For a description
of the data collection points, see the
section on data collection locations
above.

Bearings

It is important for the analyst to
identify all of the bearings for each
differential gearbox under analysis.
Figure 4 illustrates common loca-
tions where bearings are mounted
on the shafts and gears. Note that
two bearings are sometimes used
right next to each other in the de-
sign of these gearboxes. If neces-
sary, additional bearings should be
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added to the Table | example spread-
sheet to account for additional bear-
ings not included. It is also the
analyst’s responsibility to acquire the
bearing defect coefficients—ball
pass frequency inner and outer race
(BPFI and BPFO), ball spin fre-
guency (BSF) and fundamental train
frequency (FTP)—for each bearing
in the gearbox.

A special note about the bearings
for the differential and zerol gears
must be made since both the inner
and outer race of these bearings ro-
tates. The inner races of these bear-
ings are directly attached to the
differential shaft and rotate at the
speed of the differential shaft. The
outer races of these bearings are
directly attached to their respective
gears. The system characteristics
are such that the races always ro-

tate in the same direction; therefore,
the net speed that the bearing is
rotating is computed by subtracting
the gear speed from the differential
shaft speed. This net speed is used
as 1X rpm in the bearing analysis.
Be aware that the typical bearing
defect coefficients are based on a
stationary outer race and a rotating
inner race (a minus sign is used in
the BSF and FTF equations). How-
ever, the 1st differential and 1st zerol
gears have outer races that rotate
faster than the inner race resulting
in a net outer race rotation with a
stationary inner race. In these cases,
the sign in the BSF and FTF equa-
tions must be changed to a plus for
these bearings. The BPFO and BPFI
coefficients remain the same. To per-
form bearing defect calculations, the
following equations can be used:
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X 2X 3X 4X 5X 6X 7X 8X

rom
Mult,

Symbol

Pos (Source)
No, Component

Table 1 continued

50

BG No, 2 teeth

Bevel gear No, 2 teeth

10 Output shaft (tending side)
Output shaft rpm

3,501 4,001

3,001
150,038 175,045 200,051

2,501
125,032

2,001
100,026

1,500
75,019
17,702
13,807

1,000
50,013

500
25,006

OS rpm

GMF (BG No, 2)

1
11.798

Bevel gear No, 2 mesh

47,204
36,817
15,664

41,304
32,215
13,706

34,403
27,613
11,748

29,503
23,011

5,901 11,801 23,602
18,409

BPFI
BPFO

Output shaft bearing No, 1

Timken 237536

4,602 9,204

9.202
3.915

5,874 7,832 9,790
1,095

29,503

23,011

3,916

1,958

BSF

(HM23750D Series)

1,752
47,204
36,817
15,664

1,533
41,304
32,215
13,706

1,314
35,403
27,613
11,748

876

23,602
18,409

657
17,702
13,807

438
11,801

219
5,901

0.438
11.798

FTF

BPFI
BPFO

Output shaft bearing No, 2

Timken 237535

4,602 9,204

9.202
3.915

7,832 9,790
1,095

5,874

3,916

1,958

BSF

(HM237500 Series)

1,533 1,752

1,314

219 438 657 876

0.438

FTF

11 Output shaft (drive side)

(see posn 10)

12 PIV No, 1
13 PIV No, 2

(bearings unknown at this time)

(bearings unknown at this time)

14 Line shaft output

(see posn 1)
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BPFI=N/2[1 = B,/P,)cos6] x rpm
BPFO=N,/2[1 - B/P)cos6] x rpm
BSF=P/2B{1 - [(B/P,)cosB]?} x rpm

FTF = 1/2[1 - 8/P,)cos6] x rpm

where

N, = Number of balls or rollers

B, = Ball or roller diameter, in. or
mm

P, = Bearing pitch diameter, in. or
mm

0 = Contact angle, degrees.

Gearbox condition

The evaluation of the gear, shaft,
and bearing condition for differen-
tial gearbox drives follows the stan-
dard vibration “rules” for these
components. These “rules” are out-
side the scope of this paper. How-
ever, they may be found in a variety
of sources or by contacting Techni-
cal Associates of Charlotte for lit-
erature pertaining to vibration
frequency analysis (1).

What else is there to
monitoring differential
gearboxes?

There are other factors, beyond the
scope of this paper, with which the
analyst must become familiar to ef-
fectively monitor differential gear-
box drives. They include: low-speed
analysis, as the primary and main
variable shafts can operate below
100 cpm, the proper low-speed in-
strumentation, setting up alarm lev-
els and narrowband alarms, time
waveform analysis to detect cracked
or broken gear teeth, the proper
data collection parameters, such as
maximum frequency (FMAX), lines
of resolution, and vibration units,
and the general set of vibration fre-
qguency analysis “rules” mentioned
earlier.



Gear Vibration
Conclusions

There are pitfalls that may be en-
countered by a vibration analyst
when diagnosing data collected from
paper machine differential gearbox
drives if the analyst is unfamiliar
with the calculation of expected fre-
guencies from these gearboxes. The

PIV unitis set such that a reduction
or increase between the incoming
shaft speed and the outgoing shaft
speed occurs. This speed change
must be tached or strobed to accu-
rately calculate the resulting shaft,
gear, and bearing frequencies. The
differential gear cluster and differ-
ential shaft work in a unique fashion
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that does not follow the standard
rules for calculating shaft speed re-
ductions or increases based on the
common gearmesh calculations.
Also, the bearings that support the
differential cluster gears have both
inner and outer race rotation,
thereby resulting in bearing defect
frequencies based on the net differ-
ence between the speed of the these
two races, as well as factoring in a
change in the bearing defect equa-
tions depending on whether the in-
ner race rotates faster than the outer
race. This paper has provided the
analyst with a method to identify
the spectral frequencies that can
appear in vibration analysis of dif-
ferential gearbox drives. There are
other important factors such as data
collection instrumentation and vibra-
tion analysis procedures that must
be used by the analyst to effectively
evaluate the gearbox condition.

The author would appreciate any
additional information on particular
problems or observations that the
reader may have encountered in the
course of monitoring differential

gearbox drives.
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