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Operational Deflection Shapes (ODSs) can be measured di-
rectly by relatively simple means. They provide very useful in-
formation for understanding and evaluating the absolute dy-
namic behavior of a machine, a component or an entire struc-
ture. As understanding makes up most of the path to a possible
solution, the visualization of the vibration behavior by Opera-
tional Deflection Shapes may guide the engineer to the point
of the structure at which to make an optimal modification in
order to control noise, control vibration, lessen fatigue, reduce
wear or cure related problems. Modification decisions can be
supported by one or a few frequency response measurements
to check for the existence of resonance conditions.

Operational Deflection Shapes can also be predicted from a
mathematical model (modal model), assumed boundary con-
ditions, and operating forces if each of these is available. If,
however, the objective is to study a particular structure under
one or a few specific conditions, a direct measurement is fast-
er, simpler, and more accurate than analytical prediction. No
assumptions such as linearity have to be made.

The technique suggested in this article uses a two-channel
measurement of complex transmissibility between a fixed ref-
erence transducer, and a second transducer moved sequential-
ly to all points and directions of interest on the structure. At
each frequency of interest the relative magnitudes and phases
are extracted from the measurements. The magnitudes and
phases when assembled in vectors (one for each frequency) re-
present the relative ODSs at each particular frequency. An ab-
solute Operational Deflection Shape is obtained by multiply-
ing the relative ODS by the absolute response, measured by the
reference transducer.

A standard modal analysis software program can be used for
data acquisition, extraction and animation of the ODS. It sim-
plifies the data management, interpretation and evaluation of
the results. The background and practical aspects of the mea-
surement and analysis technique are discussed, and a number
of practical problems are given as examples.

Definitions and Terminology. Let us take a close look at a
simple structure that is forced to vibrate by an arbitrary excita-
tion. Figure 3 shows a cantilever beam and z(¢,t) designates
the continuous forced deflection function in one coordinate
as function of position ¢ in space and time ¢.

If we want to describe the forced deflection, we turn to a fi-
nite discrete description, sampled in both space and time,
rather than the continuous function. {z(t)] designates the
Forced Deflection Shape (FDS), it is a vector where the elements
represent the deflection time history for each defined point
and direction or degree-of-freedom (DOF). Here z is an arbi-
trary symbol which may represent deflection in any eoordin-
ate. The ordinal position in the vector refers to the defined
DOF on the structure.

Modal Decomposition. The FDS of a linear structure can be
represented as a linear combination of its mode shapes.

{2(t)} = Z{sv!rqitl (1)

The arbitrary FDS can be decomposed into its unique mode
shapes by modal analysis. Or, if the modal parameters are al-
ready known it can be predicted by analytical simulation ap-
plying an assumed forcing vector to the modal model.
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No! Mode Shapes do not Vibrate,
Structures Vibrate!

Experience gained from discussions and from modal analy-
sis tutorials show that the comprehension of modal properties
vs. structural vibration response, measurements vs. physical
reality is less than complete:

[0 What are the (absolute) magnitudes of the mode shape?

O Can you show an animation of the combination of several
mode shapes?

O Will my structure resist this mode?

O How can you say my measurements are poor when they have
such high coherence?

O How can there be a different interpretation of the coherence
between vibration/force and vibration/vibration?

These and similar questions suggest that what engineers are

basically interested in is how to determine the manifest struc-

tural vibration distribution; in other words, the Operational

Deflection Shape. An Operational Deflection Shape designates

the periodic motion pattern of a vibrating structure at a specific

frequency, and under a particular stationary operating condi-

tion.

Applying a thought experiment: An Operational Deflection
Shape represents the picture which is seen using a strobo-
scope, large, fast and powerful enough to freeze the object at a
desired frequency, if the eyes of the observer are strong enough
to resolve the (probably) very small deformations. Thus, an
Operational Deflection Shape is an observation, or visualiza-
tion, of particular dynamic behavior. It gives no indication of
the inherent qualitative dynamic properties of the particular
structure.

Note here that {p},, the mode shape, is a time invariant de-
scription of the relative displacements (mode shapes do not vi-
brate), and is a qualitative inherent property of the system. The
time variation is found in the scaling coefficient of Eq. (1), the
generalized or modal response g,(t).

0DS Decomposition. The FDS may also be decomposed into
the ODS:

{2(t)} = (X )gsin(2nfys) + (r(2)} (2)

{ X}y, contains the sinusoidal part of the vibration, and a resi-
dual vector {7(t)} contains the remaining vibration at other fre-
quencies.

An ODS is not unique in the same sense that a mode shape
is.Itis dependent on the operating condition and on the choice
of frequency, and is thus only valid for one particular condi-
tion. How well the ODS represents {z(t)| depends on how pure-
ly sinusoidal the response is. For a very wide class of practical
noise and vibration problems, experience shows that more
than 95% of the vibration power is contained in a single fre-
quency line, and hence the residual term {7(¢)} in Eq. (2) be-
comes negligible. For troubleshooting, this is equally true for
periodic forced problems and for the case of randomly excited
modes (resonance problem). If, however, the vibration spec-
trum contains more significant lines, e.g. harmonic compo-
nents, Eq. (2) may be expanded to include a sum of ODSs.

Direct Measurement of | z(t)]. Measuring the set of continu-

SOUND AND VIBRATION/AUGUST 1988




Practical Vibration Measurements

Practical vibration analysis is used to study objects under
particular stationary operating conditions. Our requirement is
usually to establish a qualification reference or, in a trouble-
shooting situation, to establish the cause of excessive noise or
vibration.

In the problem identification phase, the first choice is often
to measure a representative dynamic parameter, such as accel-
eration or sound pressure, and to make a spectrum analysis.
Often we find that the spectrum, from a stationary process, ex-
hibits one or a few predominant frequency lines or bands.

When the process forces are cyclical, which is typical for the
free forces and moments from rotating machinery, the spec-
trum is usually characterized by one, or a few, predominant
lines. Figure 1 shows a typical line spectrum from a structure
excited by a rotating machine.

If the process forces have a random character, such as broad-
band excitation from wind, sea waves or turbulent flow, most of
the spectral power is likely to be found in one, or a few, narrow
spectral peaks representing the modes of the structure. Figure
2 shows a spectrum from the same structure as Figure 1, but
now with random excitation.

Whether a problem is caused by excessive operating forces,
or is due to resonant amplification in the structure itself (to be
verified from a frequency response measurement), the visuali-
zation of the dynamic deflection is a most desirable aid to the
solution of the problem.
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Figure 1. Output auto spectrum from a periodic process. Acceleration
power spectrum measured at a structure excited by a rotating machine
and dominated by the rotating frequency component.
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Figure 2. Output auto spectrum from a random process. The same struc-
ture as in Figure 1, but now excited by turbulent flow. Acceleration power
spectral density dominated by the modal frequencies.

ous infinite time histories over the structure might be interest-
ing for some non-stationary cases, e.g. transient response or a
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Figure 3. Decomposition of a forced deflection shape. The sampled FDS
can be decomposed into its mode shapes or (for a periodic process) into
0DS. The FDS may also be simulated from the modal parameters, assum-
ing the forcing vector.

complex spectral composition, but would require large num-
bers of simultaneous response measurements and very high
data processing capacity. Such a techniqueis outside the scope
of this article but is discussed in Reference [6].

Mode Shapes vs. Operational Deflection Shapes. Whatis the
difference? What is the similarity? From the previous discus-
sion it is clear that an ODS is a linear combination of mode
shapes. However, if the excitation frequency is close to a modal
frequency and a structure’s modes are well separated, the con-
tribution from other modes may then become insignificant,
and the ODS would have the same displacement distribution
as the associated mode shape. The difference is that the ODS
vibrates with absolute amplitudes, in contrast to the mode
shape.

Unscaled mode shapes may be extracted from lightly
coupled structures by the measurement of ODSs at the modal
frequencies. The so called “mode studies” using speckle ho-
lography is one example of ODS measurements, and should
not be mistaken for modal analysis. Randomly excited struc-
tures, e.g. offshore platforms, are another example where the
mode shapes are estimated from ODSs. However, it must be
kept in mind that such techniques will not provide a modal
model since the scaling is unknown, and it only works for un-
coupled modes as no decomposition technique can be applied.
For modal analysis on ambient randomly excited structures
see Reference [8].

How To Acquire Operational Deflection Shapes

The System Analysis Approach (Modal Analysis). Figure 4
illustrates two complementary approaches to acquire forced
deflections or ODSs. The system analysis approach assumes
system linearity and constitutes a hybrid technique. A full
scale modal test yields the scaled mode shapes, the modal fre-
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Figure 4. The two approaches to the Operating Deflection shape: 1) signal
analysis by direct measurements of response and estimating the trans-
missibility functions during specific operation; 2) simulation assuming
operating forces, using a previously derived modal model.

quencies and damping. These are the parameters for a com-
plete dynamic mathematical model, i.e. the modal model. In
other words we are determining and modeling the structure’s
inherent dynamic properties. The FDS or ODS can be analyti-
cally simulated, by loading the model with assumed operating
forces.

A major difficulty in the application of this technique is to
establish representative forcing functions, i.e. the quantitative
excitation forces defined in space, magnitude and phase. Diffi-
culties notwithstanding, this technique produces a dynamic
model which can be used for simulations of multiple condi-
tions. It provides a very useful analytical tool for many applica-
tions, including transient response and simulation of physical
structural modifications.!

The Signal Analysis Approach (Transmissibility Measure-
ments). The direct measurement of ODSs in a stationary condi-
tion is more appropriate in a number of situations: 1. when
only one or a few operating conditions are of interest, the mod-
al test can hardly be justified; 2. when the operating forces are
nonobservable, or are analytically indeterminable, we will not
know how to load the model; and 3. when the structure is sus-
pected of being significantly nonlinear, and a parametric mod-
eling technique will generally not be available.

The direct determination of ODSs requires the measure-
ment of a set of response signals, spatially distributed over that
part of the structure which is of interest. The responses will
generally be measured sequentially, unless a very large mea-
suring system is available and simultaneous measurements
are required.

Using a two-channel analyzer, a common reference can be
incorporated in order to obtain: 1. relative amplitude and
phase information; and 2. compensation for small variations
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in response level during the measurement sequence.

In a practical measurement, the signal from a fixed motion
transducer is used as areference, and a second (roving) motion
transducer is moved sequentially to the other test defined
DOFs. The observed parameter is the (Complex) Transmissibil-
ity (Function) representing the relative deflections over the
structure. This technique is simple and produces a result for
one particular condition. The result is quantitatively and qual-
itatively only applicable to this particular measured condition.

Estimating the Complex Transmissibility Function. We shall
define the complex transmissibility as:

)= XdS) 3
L =X5 ®)
where j is the reference DOF, and iis an arbitrary DOF. Hence
T,( f)is the ratio between the Fourier spectra of a test DOF and
the reference DOF.
Inspecting Eq. (3) shows:

2 HS) Bl S)
TAf) = e ed 4
A LHJSVE(S) “
For the single input situation, T,( f) is the ratio between two
FRFs. It describes the dynamic properties of the path between
the DOFs 7 and 7, and the operating force (which cancels out).
For multiple inputs, T,( f) may be considered as the ratio of two
linear combinations of the operating forces spectra.
Inspection also shows that T f)is not affected by variations
in the forcing level assuming a linear structure and assuming
that the force distribution and phasing are constant. This is an
important property in practical measurements as averaging
can remove small fluctuations in the loading condition.
Practical estimation of T,( f) can be made by using any of the
FRF estimators. As the coherence is expected to be unity (see
later discussion) any estimator must produce the same result
at the frequencies of interest. For example, using the H,, T;( f)
is calculated as the ratio of the averaged output cross spectrum
between 7 and j and the reference auto spectrum in j:

GXXAY = Hp )

L8 B e
' GXX;(f)

Interpretation of the Transmissability Function. What does
the transmissibility tell me about the system? Inisolation, very
little, and don’t believe that a peak in the function means a
structural resonance! We must keep in mind that the transmis-
sibility represents the ratio between two spectra or two differ-
ently weighted sums of the operating forces (the weighting
functions being the individual FRFs). Hence, a peak in the
transmissibility only means a notch in the denominator spec-
trum (or an antiresonance in the denominator frequency re-
sponse). A notch in the transmissibility just means a notch in
the numerator spectrum. Figure 5 illustrates the principles,
using examples, measured on a simple, but real structure.
Corollary! The transmissibility gives the relative deflection
between two DOFs as a function of frequency. It depends on the
forcing distribution and is therefore not a system property!

What Can The Coherence Be Used For? Not very much! The
coherence produced by a Fourier analyzer in association witha
transmissibility measurement is:

) = e JTEEALE

! GXX(f) GXX;( f)

an expression of the linear relationship (causality) between the
measured signals in the two channels.

It can be argued that the correlation between the two signals
must be 100% at all frequencies since they are caused by the
same action (force). If the coherence is less than unity at cer-
tain frequencies (and in practice it always is), it is due to mea-
surement condition, e.g. too little signal at some frequencies
(notches or very low level in one of the spectra), allowing the
electronic and computational noise to become dominant.

The coherence must be unity at the frequencies of interest

(6)
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Figure 5. Graphical interpretation of the transmissibility function. The transmissibility is defined as the ratio between two output (Fourier) spectra which

in turn are sums of the input force spectra weighted by the associated frequency
A u£ band excitation; and b) harmonic excitation. b) i

input, measured with: a) w
w signal power is present.

unless a very gross error is introduced in the measurement.
(E.g.: one of the transducers fell off, or the cable broke; the
operating condition is changed during the averaging, i.e. if the
excitation is acting in more than one DOF and the force distri-
bution is changing, then the weight of the operating forces will
change and hence the linear relationship will change.)
Corollary! The coherence gives information only about the ac-
tual measurements. It tells nothing about the system proper-
ties, e.g. nonlinear effects, but does indicate if the excitation dis-
tribution has changed during the averaging.

How to Measure ODSs Directly

Geometry. First the points and directions (the DOFs) of in-
terest are defined on the structure. The number of DOFs and
their spatial distribution (spatial resolution) can be chosen
freely to fit the application. This is in contrast to a modal test
where DOFs must be defined with sufficient density and repre-
sentative distribution to ensure orthogonality between extract-
ed modes.

In some cases only two DOFs are sufficient to determine, for
example, the stress in a connection. Other applications may
require any number of DOFs, depending on the complexity of
the ODS and the desired spatial resolution.

Since the reference DOF is factored into all the other DOFs,
careful consideration must be given to the choice of the refer-
ence. A natural choice would be a point of maximum response;
this ensures the best possible signal to noise ratio for the mea-
surements.

Operating Condition. Before the measurements are made,
the specific operating condition must be established and pre-
cautions taken to keep it constant during data acquisition.

Measurement Parameter. The ODS will be the same which-
ever vibration parameter is measured, displacement, velocity
or acceleration. The natural choice is to measure acceleration
since it is less dominated by low frequency rigid body motion.
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response functions. The graphs show the features of the spectra from a single
nd?cz’;;s that the transmissibility is defined at only two discrete frequencies

Furthermore, accelerometers are the best transducers in terms

of signal to noise ratio, dynamic range, directivity, etc.

Transmissibility Measurement. With a two-channel FFT ana-
lyzer we can use the standard FRF measurement technique for
the transmissibility. The signals from the roving and the refer-
ence transducers have a strong linear relationship, as they are
both outputs from the common excitation mechanism. This
linearity is not dependent on the linearity of the structure it-
self, providing that a stationary condition exists. Hence, any
FRF estimator based on averaged spectra can be used with
identical results. However, as no curve fitting or noise reduc-
tion technique can be applied to the data later on (as no model
for the data is available), all precautions must be taken in the
data acquisition phase.

Calibration. Before starting to make the measurements, a
calibration ratio check is recommended. The procedure is to
move the roving transducer to the reference DOF (i.e. making i
= j), and measure T f;). Correspondence between the mea-
sured and the expected function, with unit modulus and zero
argument, confirms that the transducers, conditioners and the
estimator are all matching,

Computer Aided Measurements. During the measurement,
ODS extraction and documentation, a standard modal analysis
software package is very helpful. A typical test procedure
would be:

1. Data Acquisition - measurement and storage of the defined
set of transmissibility functions.

2. Data Reduction - as no mathematical model for the trans-
missibility exists, no curve fitting of the data is possible. The
software can help to extract the complex ratios at the desired
frequencies using a “peak picking” procedure,’ which is
simply a readout of magnitude and phase at the desired fre-
quency.

Documentation. The extracted set of transmissibilities
constitutes the relative ODS:
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Undeformed Structure

Figure 6. Geometrical model of a compressor unit.
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Figure 8. A typical measurement of transmissibility (magnitude and
phase) and the associated coherence the tested rotating machine. The
cursar poinis to the rotational frequency and the function shows the
typical plateau around it.

Figure 7. Instrumentation used for measuring, extracting and document-
ing ODSs.

(Xl = (TN | (7)
f=h

The software provides graphical animation and plotting,
The animation is a very attractive tool to visualize complex dy-
namic behavior. A list of the absolute operational deflections
can be produced by multiplying each ODS by the correspond-
ing RMS value* of the associated line ( ;) in the reference auto
spectrum Gﬂ[ A

(z(t))y, = |X}y, - VGXX,(f5) (8)

If parameters other than acceleration are required, arithmetic
operation on the ODS can be used:

My(f) = A fV(2af)  Hy(f) = As(Sj2rf)? (9)

converts accelerence to mobility and compliance respectively.

Measurement of the ODS of a Rotating Machine
Objective. During operation of a rotating machine (5 kW
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Operational Deflection Shape Frequency: 56.5 Hz View :4¢3,-5,2>

— E
Connection

Figure 9. ODS at the rotational frequency of 56.5 Hz for the compressor
ezample. The solution to the problem was moving the external connec-
tions to the position of minimum deflection.

compressor), repetitive fatigue in some piping connections
was experienced. A spectrum analysis of the vibration signal
showed one predominant peak at 56.5 Hz, equivalent to the ro-
tational frequency. As the general vibration level was accep-
table, it was decided to measure the associated ODS, first to
identify the problem, and second to find a better location for
the connections.

Geometry and Measurements, The frequency (56.5 Hz) was
sufficiently low to assume that the machine structure would
remain rigid. Hence only motion from the 6 rigid body modes
inrelation to the mounting base were to be considered. If rigid-
ity is assumed, only 6 DOFs are theoretically needed to de-
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scribe the motion of the machine. Redundant DOFs, however,
can be used to improve the results by statistical inference. The
DOFs defined were: 3 orthogonal at each of the 8 main corners
of the machine, 4 vertical at the base of the resilient mounts
and 3 orthogonal at the existing piping connections, making a
total of 31 DOFs. The geometrical model, with the measure-
ment points indicated, is shown in Figure 6. The instrumenta-
tion used is shown in Figure 7.

Figure 8 is a typical transmissibility function Ty f), with the
associated coherence function. The functions shown are typi-
cally noisy away from the dominant frequencies where they
have defined plateaus. The ODS at 56.5 Hz. is shown in Figure
9. The plot represents the structure with the ODS superim-
posed at different time intervals, to give an impression of one
full vibration cycle. It appears that the deformation shape truly
represents a combination of rigid body modes, and that the re-
sulting motion is complex in a modal sense (no nodelines).

The relative displacement between the machine and its
mounting base is clearly seen in the plot, and reveals the cause
of the fatigue problem. A nearly maximum relative deflection
over the piping connection is observed, causing excessive
stresses. From the same plot, an obvious alternative site for a
modified connection is indicated between points of minimum
relative deflection.

Circulation Pump Vibrations in a Power Plant

The vibration spectrum from a motor/circulation pump in-
stallation at a power plant showed excessive vibration at the
motor rotational frequency. The ODS was measured and char-
acterized as a “lst plate torsional mode” of the foundation,
with heavy horizontal rocking of the piping.

The solution to the problem was found after supplementary
measurements of a few FRFs between the points of maximum
response and the motor (residual unbalance excitation). The
FRFs showed that the system was operating close to a reso-

nance, but below the modal frequency. Traditional stiffening to
raise the modal frequency may not help, in the best case, and
could exacerbate the problem, in the worst case.

The solution was simply to cut two pipe supports. This shift-
ed the modal frequency down by 20% and reduced the vibra-
tion by a factor of 10. Figure 10 shows the measured ODS and
indicates where the stiffeners were cut. The photograph shows
a FRF measurement at the machinery foundation for verifica-
tion of the modal frequencies.

Ship Structure Vibrations Under Service Conditions
The ship, a 385,000 ton supertanker, had predominant vibra-
tions at the propeller blade-passing frequency. A set of trans-
missibility measurements was made under different condi-
tions, with the ship running at steady course and speed. Ran-
dom variation in the excitation mechanism introduced fluc-
tuations in the response and the measurement of reliable
transmissibility values required long averaging times.
Figure 11 shows an ODS for a specific condition. The el-
lipses in the plot represent the orbit of the measurement point
in the plane, the flag at each orbit curve represents a phase ref-
erence. Due to the complexity of a ship structure with numer-
ous coupled modes, the ODSs are complex. The set of ODS
plots serves as an interpolation map showing the global vibra-
tions in the main structure for characteristic conditions.

Piston Compressor Vibrations

In a natural gas processing plant on board an offshore plat-
form, excessive vibrations were causing operating problems to
some other electromechanical machinery. The source was
identified to be a set of two one-cylinder piston compressors
on one of the lower decks. Tests showed that the problem was
present when either one or both of the compressors was run-
ning. A spectrum analysis showed that all the significant vibra-
tion power was present at the 2nd harmonic of the rotational
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oDs
Frag: 24,00 Hz

Figure 10. ODS of the main structure of a circulation pump installation
at the rotational frequency of 24 Hz. ODS appears as a vertical tor-
sional of the foundation and a horizontal rotation of the main p;zae. The
solution to the problem was to cut the pipe supports, which shifted a
troublesome resonance frequency down. This reduced the vibration by a
Jactor of 10. :

speed, which can be expected due to the free forces in this kind
of machinery.

As a remedy, the first suggestion was to stiffen the deck
structure. The design department calculated a construction
modification, adding 10 tons of welded steel girders. However,
it was suggested that some additional measurements should
be made, and the ODS was established for the 2nd harmonic of
the rotational frequency. The ODS showed a clean deformation
shape where the two tall compressors were rocking in counter
phase.

The optimal solution now became obvious: a stiffener
mounted between the tops of the two compressors, a construc-
tion that weighed approximately 33 lbs. Figure 12 shows the
machinery arrangement, the ODS and the alternative remedy
proposals.

Conclusions

The Operational Deflection Shape designates the periodic
motion pattern by which a structure vibrates at a specific fre-
quency, under a specific stationary operating condition. In
practice we often find that the spectrum, from a stationary
process, exhibits one or a few predominant frequency lines or
bands. Visualization of the vibration behavior at the dominant
frequencies using ODS may guide the engineer to understand
a problem, and provide direction to the point of a structure at
which to solve a noise/vibration problem.

An Operational Deflection Shape is an observation or visual-
ization of particular dynamic behavior, and gives no indication
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Figure 11. ODS of the main structures for a 385,000 ton super tanker in
steady state ballast condition. The ellipses represent the orbits of the mea-
suwdppaiﬂts and the flag in the path indicates equal phase. The ODS rep-
resents an interpolation map for the global vibration level.

" Optimal modification
— by rod connection of
engine tops

H First modification proposal
10 tons of transverse girders
for deck stiffening

0DS for 2™
order irequency

Figure 12. Double piston compessors at a gas processing plant. The ODS
0}92“ times the rotational frequency shows the two compressors rocking in
antiphase. The optimal solution to the problem was connecting the tops of
the structures.

24

of the qualitative dynamic properties. In other words, no model
is obtained and hence no extrapolation can be made to other
operating conditions. ODSs can be predicted from a mathema-
tical model (modal model), assumed boundary conditions and,
assuming the operating forces if all of these are available and
the structure is linear.

If the objective is to study a particular structure under one or
a few specific conditions, a direct measurement is faster, sim-
pler and more accurate than analytical prediction, and makes
no assumptions about the system. In the practical measure-
ment the observation parameter is the (complex) transmissi-
bility (function) representing the relative deflections (and
phase), defined in points and directions over the structure. The
transmissibility reveals the relative deflection between two
DOFs as a function of frequency. It depends on the forcing dis-
tribution and hence, does not represent a system property.

The coherence of a transmissibility measurement tells only
about the actual measurement signals. It tells nothing about
the system properties, e.g. nonlinear effects. It can beused asa
check of steady operating condition during the measurement,
and against gross measurement errors.
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