An Introduction to Time Waveform Analysis

Timothy A Dunton, Universal Technologies Inc.

Abstract

In recent years there has been a resurgence in the use of time waveform analysis
techniques. Condition monitoring personnel have now come to realize some of the
limitations of the FFT process. Since many find the time waveform analysis process
difficult and confusing the technique is rarely used to its full potential. The key to the
successful utilization of time waveform data is knowing when to use it. This paper
examines the limitations of the FFT process and identifies specific applications where
enhancing FFT information with time waveform analysis is appropriate.

The paper also details in practical terms how to set up, acquire and manipulate time
waveform data. Having discussed the acquisition of the data the paper continues to
discuss the interpretation of the data including the time-frequency relationship,
symmetry, and pattern recognition of common faults.
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Introduction

The analysis of time waveform data is not a new technique. In the early days of vibration
analysis time waveform data was viewed on oscilloscopes and frequency components
calculated by hand. The relationship between frequency and time is as follows:

f=1/p
where: f is the frequency in Hz
p is the period in seconds (the amount of time required to complete 1
cycle)
Amplitude
Time
Period
< >

Knowledge of this relationship permits the determination of frequency components from
the raw waveform data.
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For example:

JRF BEARING DATA Delta ¥: 8.8342
|82/,25/94 2:23:58 FM Delta ¥: —-8.842

o3 '| i T i
a.88 8.8z 8.85 a.a7
Seconds RFM = 1785.00

Description: PUMP INBOARD
MACHINE: E# 87438 TRAIM: FOWER SIDE @ Hone
POINT ID: FPIB Point: 08040

The above waveform was acquired from a 1785 RPM pump. The time spacing between
the impacts is 0.0337 seconds. From this information the frequency can be determined.

f=1/p = 1/0.0337 = 29.67 Hz = 1780 CPM
This indicates that the impact is occurring at a frequency of 1 x RPM.

In most situations the time waveform pattern is very complex as illustrated below and
therefore the determination of frequency components is extremely difficult using this
method and is not recommended.

JRF BEARING DATA X value: 8. 8884
18,2993 12:41:84 FPM ¥ value: -@.417

o P I PP LT
-2.8 i T T
8.80 a.a7 8.14 8.21 a.28 8.35
Seconds RFM = 1775.88
Description: PUMFP INEOARD
#*MACHINE: E# 84122 TRAIN: CLO2-GEN @ MHone

POINT ID: FIB Point: 880815
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In most situations time waveform data is best utilized by applying the principles of
pattern recognition and if necessary calculating the frequency components of the major
events in the waveform pattern.

When to Use Time Waveform

Time waveform can be used effectively to enhance spectral information in the following

applications:

* Low speed applications (less than 100 RPM).

* Indication of true amplitude in situations where impacts occur such as assessment of
rolling element bearing defect severity.

* Gears.

* Sleeve bearing machines with X-Y probes (2 channel orbit analysis)

* Looseness.

*  Rubs.

* Beats

When NOT to Use Time Waveform

Time waveform can be applied to any vibration problem. In some situations normal
spectral and phase data provide better indications as to the source of the problem
without the added complexity of time waveform data. Examples include

* Unbalance on normal speed machines
* Misalignment on normal speed machines

Instrument Setup for Time Waveform

The key to successful analysis of time waveform data is in the set up of the instrument.
The following items have to be considered when setting up the instrument

® Unit of measurement
* Time period sampled
* Resolution

* Averaging

*  Windows

Universal Technologies, Inc. * Suite C-210 « 25797 Conifer Rd. « Aspen Park CO 80433 USA
Phone: (303) 838-3447 Fax: (303) 838-3437 «  Online: www.unitechinc.com



Units of Measurement

Amplitude measurement units should be generally selected based upon the frequencies
of interest. The plots below illustrate how measurement unit selection affects the data
displayed. Each plot contains 3 separate frequency components of 60Hz, 300Hz, and
950 Hz.

This data was taken using displacement note how the
/N /\ /\ lower frequency at 60 Hz is accentuated

VAAVAVAVAVas

The same data is now displayed using velocity note
how the 300Hz component is more apparent.

The same data is now displayed using acceleration
Julth“m ATTERRITTERATRRR MH\HH‘\I\MIWI note how the large lower frequency component is
TRV diminished and the higher frequency component
accentuated.

The unit of measurement displayed in time waveform data should be the natural unit of
the transducer used. For example if a displacement reading is required, then a
displacement transducer should be used. In most cases where modern data collectors
are employed this means that acceleration will be the unit of choice. If data is gathered
from non-contact probes on sleeve bearing machines displacement is usually used.
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Time Period Sampled

For most analysis work the instrument should be set up to see 6-10 revolutions of the
shaft being measured. The total sample period desired can be calculated by this formula

Total sample period [seconds] = 60 x # of revolutions desired
RPM

The following table lllustrates common time period in seconds by machine speed

Machine RPM Time period for 6 Time period for 10
revolutions (secs.) revolutions (secs.)
3600 0.1 0.167
1800 0.2 0.333
1200 0.3 0.5
900 0.4 0.667
300 1.2 2.0
100 3.6 6.0

Some instruments do not permit the setting of time period data when acquiring time
waveform data. With these instruments it is necessary to set an equivalent Fyax setting.
The appropriate Fyax setting can be calculated by the following formula

Fuax [CPM] = Lines of Resolution x RPM
# of Revolutions desired

The following table lllustrates the common Fyax settings for 1600 lines of resolution by
machine RPM

Machine RPM F max for 6 revolutions F wmax for 10 revolutions
3600 960kCPM 576kCPM
1800 480kCPM 288kCPM
1200 320kCPM 192kCPM
900 240kCPM 144kCPM
300 80kCPM 48kCPM
100 26kCPM 16kCPM
Resolution

For time waveform analysis it is recommended that 1600 lines (4096 samples are used).
This ensures that the data collected has sufficient accuracy and key events are
captured.
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Averaging

In most data collectors averaging is performed during the FFT process. Unless
synchronous time averaging is invoked the time waveform presented on the screen will
be the last average taken even if multiple averages are selected in the instrument setup.
It is normal therefore to take a single average. Overlap averaging should be disabled.
Synchronous time averaging can be used to “synchronize” data acquisition to a
particular shaft. This can be useful on gears where broken teeth are suspected to assist
in the location of the defective teeth relative to a reference mark. It is also useful on
reciprocating equipment to “time" events to a particular crank angle.

Windows

Various windows can be applied to the time waveform prior to performing the FFT. The
purpose of these windows is to shape the spectrum and minimize leakage errors. Some
instruments can apply these windows to time waveform data as well. This would force
the data to zero at the start and end of the time sample potentially losing data. To
eliminate this effect a uniform or rectangular window should be applied.
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Interpretation of Waveform Data

Unbalance

B msec 5311.5 msec

Eet Size: 1824 Cursor Time!: 2353.5 msec Amplitude: -8.8712

The classic sine wave illustrated above is rarely seen in acceleration time waveform.
This is because acceleration emphasizes the higher frequency components that are
almost always present in the vibration signal. This de-emphasizes the underlying lower
frequency signal.
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The waveform below is more representative of sinusoidal vibration when viewed in
acceleration. Note the high frequency components superimposed on the lower
frequency.
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Misalignment

Although the classic symptoms of misalignment are M and W shapes in the time
waveform, these symptoms cannot be relied upon. The relative phase angle between
the 1 x RPM and 2 x RPM components determines the shape or pattern of the plot.

Anplitude
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The pattern above illustrates the classic pattern of misalignment. In the pattern below the
relative phase between 1 x RPM and 2 x RPM was changed 90 degrees resulting in a
very different pattern.

Anmplitude

The pattern below originates when the 1 x, & 2 x, vibrations are O degrees apart.

Anplitude
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Amplitude Symmetry

When observing time waveform data symmetry above and below the centerline axis is
important. Symmetrical data indicates that the machine motion is even on each side of
the center position. Non symmetrical time waveform data indicates the motion is
constrained possibly by misalignment, or rubs.

Locked JRF EBEARING DATA ¥ value: @. 8881
a5.,84-93 12:55:44 PM ¥ value: -@8.19a@

IFPS FPeak Lin
a.4

DEmaBD  KEkX

%% %

Seconds RPM = 3551.00

IPE Feak Lin
a.2ea

B8.150 —

B8.180 —

@. 8508 —

[ [ [
8.80 3595108.1 7i8208.3 186e538. 142046 . 1775508.
CPM RPM = 32551.00

Description: MOTOR IMBOARD
MACHINE: 14726 TRAIM: KAMYR DIGESTER B Hone
FPOINT ID: MIE FPoint: OU006

This waveform pattern is symmetrical above and below the zero line.
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The following waveform pattern is non-symmetrical above and below the zero line. The
amplitudes below the line are significantly higher than those above the line. In this case
a misalignment condition was the source. The markers on the plot indicate 1 x RPM.

EIMNGLE TIME RECORD FPLOT a9:16:47
ZET: SITHE TYPE: TIME RECORD DATE: 11-AFPR-96 18:89: 48
FPOINT ID: ZINHHCOMEZ Ay DEEC: AU
HIMDOM: UHIFORM LINES: 8192 AUVER: 4 SECE: B.8000 - 1.0867
DETECT: PEAK SFPEED: @ THRESHOLD: @. 88088 UNITS: Gs
EEC: 8.8246 AMP: —-1.3329 IMTVL: ®8.81666 FRQ: 3698
2
1.2
8.4
-@.4
1.2 ¥ §
i X [
_2 T T T T T T T T T
B Sec 8.1 Sec
|F1:HELP F2: F3:FULL SCALE F4:Z00M IHN F3:2Z200M OUT I
|Fé : F7:CLEAR MAREKRS |F8: FPRINT F9:FREE CURSOR |JF18:EXIT
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Symmetry of the Time Axis

When the previous time waveform is observed with 1 x RPM markers present it can be

noted that the waveform pattern although complex is repetitive with 1 x RPM. This

indicates that the vibration is synchronous to RPM.

The waveform pattern below indicates a hon-repetitive pattern characteristic of non-

synchronous vibration.

JRF BEARING DATA
18,2993 12:41:84 FPM

¥ value:
¥ value:

N - L I SRR PP SRR SRR SRR SRR SRR S R
- Lo IR IS SRS PRSI SN SRS BRI SRR SR PSP
-l I I T I
a. 88 a.a7v B8.14 a.21 a.28 35
Seconds RFM = 1775.4808
Description: FUMF IHBOARD
#*MACHINE: E# 84122 TRAIM: CLOZ-GEH @ Hone

FOINT ID: FPIE Foint: 888135

8. 8884
-8.417%
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This example, is of two frequency sources that are not harmonically related. (58 Hz and
120 Hz) This is the kind of signal that could be created when a 2 pole motor has an
electrical hum problem.

Higher frequency
component “Riding” on
other wave

It can be seen that the higher frequency wave does not always start at the same part of
the lower frequency cycle and therefore appears to “ride” on the other wave causing
symmetry to be lost.

Care must be exercised when determining symmetry of the time axis. 1 x RPM markers
are available in most software programs and should be used to avoid confusion.

At first
glance this
waveform
appears to
have large
impacts
occurring
with
somewhat
similar
spacing. The
horizontal
axis is
scaled in
time units.

A40m EOm 100m
1121198 Lin
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lag

By using RPM as the horizontal axis and applying 1 x RPM markers the major impacts
can be seen to be occurring at approximately the same part of the revolution. However
closer inspection reveals that the spacing is not exactly synchronous In this case the
problem was a single large defect on the inner race of a bearing. the change in
amplitude of the defect was due to the defect coming in and out of the load zone

5 Owerall

This is the FFT
taken from the
above machine
note the highest
BPFI Harmonics amplitude at
BPFl is < 0.05
ips !

(15g pk @
BPFI =2.13 ips)
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Beats & Modulation effects

Another excellent application for time waveform is the observation of beat frequencies
and modulation effects. Often these phenomena are audible. The time span for data
collection should be set to capture 4-5 cycles of the beat.

Arplitude

500 ms

The time period between the beats on the above waveform is 0.5 s. From this
information the frequency of the beat is calculated at 120 CPM. This represents the
frequency difference between the two source frequencies In this case the beat was
caused by interaction between a 2 X RPM vibration source and a 2 x f_ vibration source
on an induction motor.
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Impacts

When the FFT process is applied to a signal that contains impacts the true amplitude of
the vibration is often greatly diminished. The following time waveform was taken from an
1800 RPM machine. It shows several random impacts with magnitudes over 6 g pk. The
cause of this signal was a failed rolling element bearing. The shape of the waveform

often appears to be a large spike followed by a “ring down”.

SINGLE TIME RECORD FPLOT 12:44:52
SET: TYFE: TIME RECORD DATE: Z5-HOUV-97 13:88: 42
FOINT ID: IMPACT DESC:
HINDOMW: UNIFORM LINES: 2848 AVER: @ SECS ! B.8880 - @8.533
DETECT: FPEAK SPEED: 1688 THRESHOLD: ©.08088 UNHITS: Gs
SEC: 8 AMP: —-8.2389 IMTVL: ——— FROQ: ———
18
6 -
2 -
_2 -
_6 -
_1B T T T T T T T T T
B8 Sec B.53333 Sec
|F1:HELP F2: F3:FULL SCALE Fa:Z00M IN F3:Z00M OUT
|IF6:1st MARKER F7: F&: PRINT F9: F18:EXIT

The plot below was a velocity spectrum taken from the same bearing note the amplitude

of vibration is less than 0.04 ips!

SINGLE SPECTRUM FPLOT

12:43:25

SET: TYPE: FFT DATE: 25-HOV-97 13:00:42
POINT ID: IMPACT DESC:
WIHDOM: HANMING LINES: 8@@ AUER: @ FREQ: @ - 90088 CPM
DETECT: PEAK SPEED: 1687.58 THRESHOLD: @.0080 UNITS: IPS
FREG: 18008.00 AMP: @.8235 ORDER: 1.867 DEG: -———
@.05
0.0845
.04
8.0835
8.03 -
@.@25 Jh_
8.062
@.015
.01
@.005
a T T T T T
a 18808 36000 54800 72009 2080a
FREQUENCY CPM
[F1:HELP F2: F3:FULL SCALE |F4:Z00M IMN F5:Z00M OUT
|[F6:SET SPEED F7:LOG Fg:PRINT F9:MORE. .. Fl@:EXIT
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Care must be exercised when assessing the amplitude severity of 1 x RPM impact
vibration using spectrum. This is the spectrum of a machine with where the key is
impacting the coupling guard. The amplitude scale indicates amplitudes of less than 0.02

ips.

REVIEW DATA V2.03

Cursor Amplitude 0.003398 ips Peak Speed 1775 APM

Cursor Frequency 1799.999 CPM Window Hanning

Delta Frequency 118.2 KCPM Resolution 1600 Lines / 75 CPM

Overall Amplitude 0.05376 ips Peak Averaging 4/ Linear

Spet. Overall Amp. 0.05053 ips Peak Fmin./Fmax.  0.075 /120 KCPM

Band Overall Amp. 0.05045 ips Peak Time Collected Jan 21, 1998 3:01 PM
gips Peak) /10 Spectra (FFT)

AL,
L L

250 500 750 1000
Fraquency (CPM) X 100
Use a SOFT KEY or press <DOMNE = to exit.

REVIEW DATA v2.03

Cursor Position  0.5859375 ms Delta Amplitude 0.0391 ips Peak

Cursor Amplitude -0.01393 ips Peak Speed 1.775 KRFM

RMS Amplitude  0.0358 ips Peak Delta Time/Freq. 799 ms / 75.09 CPM

ips Peak Time Waveform (TWF) .. .

u15i(p ] This is the time

E waveform from the
0 .| above machine the
0.05 - | amplitude of the impacts
o ‘|‘.|”._. v.'|".'.'|.|||-' | |||.|‘.”|_.I|IJI |,._.IIlllllllll.a‘.l‘h..‘. .|._"||| y-."."|||"|'- ”..,4 IE ||1‘|| |.'.‘. "|||].-. .[|.'.".- ‘r"'|||lr- ||.-.--'|.-.|,- i exceeds 0.15 ips.
-0.05:
01+
-0.15;

O T I T | N U U O T L T TR LY TN O LY (O A LY TR B |

0 100 200 300 400 500 600 700

Time (ms)

In this case severe damage had occurred to the key and shaft of the machine in
guestion.
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Conclusions

In conclusion, how is this information practically applied in a condition based
maintenance program?

* Time waveform analysis is an analysis tool. The writer would not recommended that
it be taken on all measurement locations on a regular basis. This would add
significantly to the time required and data storage requirements.

* Use Time waveform for the following selected analysis situations to enhance FFT
information
* Low speed applications (less than 100 RPM).

* Indication of true amplitude in situations where impacts occur such as
assessment of rolling element bearing defect severity.

* Gears.

* Sleeve bearing machines with X-Y probes (2 channel orbit analysis)

* Looseness.

*  Rubs.
* Beats
* Impacts

* Use an appropriate measurement unit
* Rolling element bearings, gears, looseness, rubs, impacts ...acceleration
* Sleeve bearing machine with x-y probes...displacement
* Initially set up to observe 6 —10 revolutions of the shaft in question
* Study the following symptoms in the waveform
*  Amplitude
* Amplitude Symmetry
* Time Symmetry (use RPM markers)
* Beats / Modulation
* Impacts (shape and amplitude)

Remember use time waveform to ENHANCE not REPLACE spectral data.
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