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SYNOPSIS

External noise legislation and the demand for Tower interior noise levels have
put manufacturers under increasing pressure to reduce the emitted noise from
their engines. This paper describes a combined analytical and experimental
approach that allows the designer to optimise the effects of possible
modifications, such as increase of stiffness, damping or mass, on structure-
borne noise, without recourse to a series of expensive hardware changes. In
particular, the addition of beam stiffeners to various areas of the engine
block and of Jumped damping material can be readily evaluated. To demonstrate
the application of this approach, examples are given of engine system models
obtained from mathematically combining either the measured or calculated
dynamic characteristics of the engine component parts. Vibration reductions
are related to noise reductions by the use of space averaged velocities as
part of a statistical energy method to calculate radiated noise. A second
method of relating noise reductions to the change in the surface velocity
distribution is described. This technique uses a volume integration method
to predict acoustic pressure and is presently being developed to accept
analytical or experimental information.

INTRODUCTION

The development of the mini-computer and microprocessor has made the
measurement and analysis of the frequency response characteristics of complex
structures a useful and practical tool for the dynamics engineer. From
measured estimates of these structural characteristics it is possible to
calculate the natural frequencies, damping and moda) masses of a set of
independent single-degree-of-freedom systems whose combined response will
approximate to that measured by the test engineer. Associated with this
abstract representation of the structure are characteristic deformation
patterns (mode shapes) at each of the natural frequencies. Interpretation of
these modeshapes by the engineer can provide great insight into the
controlling elements of particular vibration phenomena. Mowever, it is
absoTutely essential that the physical understanding of the structure is not
lost by resorting to modal representations of real world structures and that
the common interface plane which this representation brings to the
experimental and analytical dynamics engineer is fully exploited.

The reduction of a complex system into an assembly of well-defined components
through the concept of SDRC's* Building Block Approach (BBA) enables the test
engineer, analytical engineer and designer to study the response of individual
or combinations of dynamic systems, The technique relies upon the sub-systems
being represented by a linear mathematical model (or a set of linear models)
and uses modal synthesis in conjunction with constraint equations to couple
the components together to predict the response of the total system, Since
*SDRC s a service mark of Structural Dynamics Research Corporation
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modal representations are obtained from both the test and analytical
approaches, the modal synthesis method allows the combinatfon of test and :
analytical data to model structural modifications. SDRC's program to do this is
known as SABBA (System Analysis via the Building Block Approach).Using this tool
the engineer can evaluate the effect of beam stiffeners or tuned absorbers,

fer example, to be added to the structure that has been tested. Such changes
can be assessed before comitting to hardware.

THE_EXPERIMENTAL MODELLING APPROACH

In order to apply these techniques, the experimental modal data base obtafned
from the artificial excitation tests must be of a very high standard, To
establish the quality of test data, the ability to reconstruct the original
data from the mathematica) model is essential. Great care has also to be
exercised in the calibration of the test data. These considerations are dis-
cussed in detail in Reference 1.

This paper describes how the application of a combined experimental and
analytical mathematical model could be used to produce a stiffened diesel
engine block design which would radiate less noise than the existing casting.
The work would fall into the following phases.

Mhase 1: Acquisition of good frequency response data for the block.

Phase 2: Modal analysis of this data to establish an experimental modal

representation of the structure.

Phase 3: Check on validity of data base using synthesis.

Phase 4: 4.1 Setting up SABBA system files to allow the structural
modifications which the interpretation of the experimental mode
shape data suggested would improve the design.

4.7 Validating the system files and setting up the load files for
the forced response work.

4.3 Establishing modal representation of the beam stiffeners and
adding sub-systems to the experimental system files at the
SABBA level.

4.4 Calculating the forced response of the modified block,

Phase 5: Post-processing the output data with and without the modifications

to obtain the change in the space-averaged velocity on the block and

hence the change in the radiated sound power of the modified region.

These phases are described in greater detail in the following sections.

MEASUREMENT OF FREQUENCY RESPONSE DATA

Ctassically, the Inertance Frequency Response Function of a linear system due
to a single point excitation is defined as
Hyp (do) = Fourier transform of the atceleration at point i
i

Fourier transform of the force applied at point k

This definition is not suitable for experimental measurements, espiécially when
a randamly varying force is used to excite the structure. A practical
measurement with a digital analyser is achieved by calculating

Mg (Je) =' Cross Spectral Density between input and response
Power Spectral Density of the input force
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By implementing this definition, ensexble averoging can be used to improve
the statistical quality of the omputed frequency response functions. In
particular, whem this definition is applied to random excitation the result
is the best least squares linear appruximstion for the frequency response
function over the range of amplitudes awd frequencies excited. .

Provided that sufficient ensemble averages are taken, the cruss spectral
representation has a mmber of other important propevties:

{a) contaminating noise in the response signal is eliminated;

(b) any additional wncorvelated inpots which alse excite the test
) structure {e.g. from adjacent rigs in the test area) will not
affect the weaswred frequency respomse functions.

The quality of each measurement may be assessed by exawining the corvesponding
Coherence Function defined as

Cross Spectral Density 2
Forcey PSD x Acceleration; PSD

For single point excitation of awm ideal linear system, the computed coherence
function should have a value of 1.0 at all frequencies. In practice however,
signal processing errors, noise and structural non-linearities will tend to
reduce the observed coherence.

¥ale) =

For the majority of frequency respomse fuactions measured in the wodal survey
tests, the coherence should be grester than 0.95 in the region of each
resonant frequency. Figure 1 expresses the confidence liwits for frequency
response functions in terms of the mmber of ensesble averages and the
measured coherence value. The majority of the test data was calculated with
32 independent ensesble averages and Figure | confirms a high level of
statistical aocuracy when ¥? is greater tham 0.95.

Single point excitation using an electramgnetic shaker in conjunction with a
force transducer and accelerometers can be employed to measure the frequency
response characteristics at sufficient points on the block to emable the
mode shapes to be recognised.

Once all the frequency respense Fonctions have been measured and stored, a
detailed analysis can be carried pot in the following wanner for each exciter
location:

1. A sufficient number of Bode and Ryquist plots are displayed and
examined to enable the approximate frequemcies of all resonant peaks
in the range of interest to be identified.

2. A WMulti Degree of Freedom {MOOF) curve fit is applied to each
driving point frequency response fumction to extract accurate modal
parameter inforwation.

For a single-input weasoresent the freguency response function
wmonitored at location n say be written as

Fi ) T
o oh
) =
nltel = I, arlin ¢ s up 1-£D) m
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where A;m is the complex residue at the pole S,

o .¢F are the complex eigenvectors (mode shape
amplitudes) for the rth mode

35 the undamped natural frequency of the rth mode
is the viscous damping ratio for the rth mode

The compiex {Laplace domain) nature of this expression results from
the fact that the distribution of damping throughout the structure
may not be proportional to the distribution of the mass and/or
stiffness. This is true in many real-world structures, for example
when the crankshaft is added to 2@ bare engine block, there is
significant lumped damping at the main bearings which causes the
modat data to become non-ngrmal {ie complex) for the combined system
a21though the modes of the bare block, with its Tight proportional
damping are real and normal. This effect is shown in Figure 2.

The driving point parameters (frequency, damping and complex residue)
form' the basis of a modal parameter table which will be updated and
improved later by curve fitting additional frequency response
functions, In general, the mode shapes are not obtained using an
MDOF analysis since every frequency response would have to be curve
fitted which would be extremely time consuming.

3. A Single Degree of Freedam (SDOF) circle-fitting technigue is
applied Lo each modal circle (ie every mude at all response
locations for each exciter position} to extract all the mode shape
vectors. The frequency limits for fitting each mode must be care-
fully chosen to ensure extremely good correspondence between the
analytical and measured circular arcs in the region of a resonance.
The mode shapes can then be stored for future use, Figure 3 shows
a typical circle fit for an identified mode and illustrates the high
quality of measured data required.

4. The mode shape vectors can usually be extracted assuming them to be
real and normal. The justification for such a simplification can be
found by examining the modal circles. Typically in most cases, the
phase angle of the complex vector (the angle between the centre of
the circle and the resonant frequency point) is approximately »90°
even though some of the circles can be displaced due to
contributions from adjacent modes.

5. For each mode, animated mode shapes cbtained at different exciter
locations can be compared to confirm that they are repeatable from
each exciter location and therefore true eigenvectors for the
system,
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For each natural frequemcy, the best set of mode shape vectors are
stored separately to becose the final complete eigenvector wmatrix.

6. For each mode, the novmalising point or a point of large response
can be identified and an KDOF curve fit applied to its measured
frequency response function. The accuracy of the fit (amplitude and
phase} can be confirsed by exawining the Bode and Hyguist plots in
the frequency range containing the mode. The parzmeters for the
mode can then be moved into the parasmeter table replacing the
original values obtained Ffrom the driving point frequency respomse.
This procedure must be repeated for each wode to give a final
parameter table contaiming accurate modal properties. (Table 1).
Figure 4 is a typica) FBOF curve fit for one frequency response
function in this table.

POTENTIAL PROBLEMS WITH MODAL ARM YSIS

1.

Damping assuaption

The circle fit theory is only valid for lightly daaped systems (£<0.15).
As the damping level is increased, the cirvcle representation no longer
holds and the technique breaks dowm.

Frequency resolution requiresents

When performing a modal test using digital Fast Fourier Transform
techniques there is a conflict between the desirable constant bandwidth
frequency resolution and the saximm frequency of interest. Typically,
the computed frequency respomse fumction (FRF) will contain 1024 equi-
spaced spectral lines. Consequently, once the upper frequency limit is
chosen, say Ffgax, the freqeency resolution is Fixed at

fmax

1024

To extract good estimates of both wode shapes and damping from either
MDOF or SDOF curve fitting routines, there should be at least five
measurement points within the half-power bandwidth for each mode of
vibration. ’ .

af =

The minimm frequency resolution therefore needs to be
2
8fwin = 5 £fn

where £p and fy are the critical daaping ratio and natural frequency of
the rth mode respectively.

In order to satisfy this criteria with engine block frequency response
function measurementis, two frequency ramges are needed {0-1000 Hz and
0-4000 Hz) to ensure adequate frequency resolution for the lower
frequency modes.
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3. Closely spaced medes

In the case of the engine structure, there are some wodes of vibration
very-closely spaced in frequency and there are a nuaber of problems
associated with performing a circle-fit analysis with this type of data.

(a) It becomes difficult to use the maximum frequency spacing critevia
to identify the resonant frequencies and Yo choose limits for the
) circle fits,
{b)- It is not clear whether the modes are real or complex.
~{¢) The mass and stiffness contribution from the close adjacent mode i¢
: no longer constant and distorts the circle.
{d) Non-lipearities can produce similar distortions of the Nyquist plet.

: Mhen this accurs, the MDOF procedure must be used to determine good
- estimates of the mode shapes as well as the modal parameters.

A major feature of the MDOF curve fitting procedure is its ability to
separate and quantify very closely spaced modes. This results from the
fact that the complex frequency response functions are represeinted
analytically as Laplace rather than Fourier Solutions. This is only true
if the basic model of the system is assumed to exhibit non-proportional
viscous damping.

Heasurement noise

Because the MUDF curve fitting is a least-squares solution, small amounts
of statistical variability in the frequency response function have a
negligible effect on the modal parameters extracted. In order to improve
accuracy, the statistical variability in the measured frequency response
spectrum must be reduced. For a practical measurement this is achieved-
either by smoothing the data, (which reduces the frequency resolution), or
by increased ensenble averaging.

Real or complex modes? ’

The SDOF and MDOF curve fitting techniques are capable of extracting
complex mode shapes from measured data. However the subsequent use of the
wodal data base is greatly simplified if the modes cam be assumed to be
real.. Therefore the analyst must decide on the validity of a real mode
assumption., The ‘normality' of the modes can generally be assessed by
examining the Nyguist plots. For example Figure 5 was measured on a large
built up structure where the structural damping was uniformly distributed
throughout the structure {ie proportional damping) and the modal circles
are very normal since, in each case, the resonance frequency point lies
directly above or below the centre of the circle.- On the other hand,
Figure 6 was measured on a motor vehicle where the damping elements are
discrete (shock absorbers in the suspension assemblies) and the wodes are
definitely non-normal due to the non-proportional damping.

Hhen the modes are closely spaced, it becomes more difficult to assess the
normality since the wodal circles become distorted due to the influence of
adjacent modes. Figure 7 demonstrates the large phase error which can
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result if a2 complex mode is assumed to be real. Note that the magnitude
of the Bode plot is the same in both cases. .

VALIDATING THE MODAL BATA BASE

One of the most important aspects of the experimental modal amalysis is the
determination of the accuracy of the information estimated from the frequency
response test data. The test and amalysis phase of the modal survey must be
followed by a 'correlation' process which shows whether the combined
inaccuracy of testing methodology and parameter estimation was held small,
The frequency response function is related to the complete set of modal
parameters and mode shapes by the following expression:

For a system with E{gﬂprtional viscous damping the frequency response at point
i due to an input at pdint kK is given by

N
. T r
ij = Z d‘J 1" .
r=l mp Cu? - 0? ¢ 3260 war)
Uy o
vhere mp = —---—
2hqn
N ro,r
LI
- S
O My, = b o
ral ke (1 = (wfwge)? + 520 up)
Where:
wl ----Eigenvector (fe, mode shape coefficients) for the rth Mode
m,. ----Effective Mass for the rth Mode
kr ----Effective Stiffness of the rth Mode = mpwp?
Ly ----Equivalent Viscous Damping Ratio for the rth Mode
wpr ----rth Natural Frequency
w ----Excitation Frequency
Ann ~---Residue calculated for rth Mode from Hyy ie value in Parameter

Table

This reconstruction can be performed for any pair of structure test locations
(using any test location for either the exciter locaticn or the response
location). For example, if all modal parameters were estimated from one
exciter location, these parameters can be used to analytically predict the
response of the system for a different position of excitation. The exciter
can then be noved to the position that was amalytically simufated so that the
anmalytically predicted frequency response function can then be compared with
measured data. Since all of the mode shape data for the given pgints, as well
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as the complete set of modal parameter estimates, are invoived in this re-
construction, it provides a very thorough check of the entire amalysis.

1t is worth studying the controlling elements in the synthesis expression.
Once the important influences are understood by the engineer then sources of
discrepancies between measured and calculated frequency response functions cam
be quickly traced to errors of judgement during the analysis of the frequency
response functions. In the general case there are seven major controlling
parameters:

1. The mode shape coefficient at the original driving point

2. The mede shape coefficient at the response point on the parameter
table

3. The mode shape coefficient at the new driving point
4, The mode shape coefficient at the new response point
.  The residue calculated from the frequency response function
The damping of the mode
7. The natural frequency of the mode
Of these seven quantities, the influence of poor estimates of damping and
natural frequency can readily be observed during data amalysis. However,

phase errors in the Frequency response function calculated from the synthesis
expression can be due to errors in sign in any of the first five parameters.

The sign of 2 must correspond to the phase of the residue, so there are only
four parameters to check when there is an cbvious phase error between
caTculated and measured frequency response functions.

Finally, if the calculated frequency response function is always over or under-
predicting then the error will Tie in the estimate of the residue and/for
damping. Local fluctuations are caused by errors in the mode shape co-
efficients or non-constant damping across the structure.

MDDEL SYSTEM DEFINITION

The experimental modal data base established by the methods described in the
previous section are used to produce the system files for the SARBA program.

The SORC SABBA computer program can be used to couple the structural
characteristics of various components or sub-systems in order to predict the
response parameters (e.g. force displacement, velocity, acceleration} of a
total system, SABBA is based on an analytical formulation known as the

SORC Bullding Block Approach. The basic philosophy behind this approach
involves generation of a total system analytical model from separate analyses
of components which make up the system.

For example, in this case the original engine would be one sub-system and the
beam stiffeners other sub-systems. Fach of these sub-systems can be amalysed
by existing experimental technigues, finite elemenl routines or classical beam
theory, The data generated for each sub-system is then input to SABBA to form
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a model. of the total system. Once a force or displacement input excitation is
defined to the SABBA model, the resulting response output can be calculated.

Using SABBA, the selection of sub-systems is arbitrary. Sub-systems are
usually determined by the geometric or physical make-up of the system under
study. The dynamic behaviour of each sub-system is determined fram separate
studies on each component. A discussion of the structural parameters required
for each sub-system can be found in Reference 2. For sub-systems not easily
described by available finite element routines, the methods of dynamic testing
previously described have been formulated to obtain these parameters from
laboratory test data. Software has been written to interface the laboratory
test data with SABBA. Mathematical relationships are derived for each sub-
system, The structural parameters for each sub-system are then provided as
input to the SABBA computer program to analyse the total system. Once the
total system mathematical model is formulated by the program the user then
defines force or displacement excitations. ’

Unlike most finite element simulation programs where accuracy depends on the
number of elements used, SABBA allows the user to choose only those points of
interest in his system which he desires to study. If properly modelled, a
multiple degree-of-freedom finite element component {e.g. 1000 D.0.F.) can be
represented by only a few degrees-of-freedom with no loss of accuracy.
Because of this flexibility, the use of SABBA is Timited only by the user's
jmagination and his abitity to model his structure as an assemblage of
separate sub-system components.

For this type of analysis, the points taken across from the experimental
model fall into three categories:-

(i) Force input points
(ii) Sub-system connect points
(iii) Response monitoring points.
A typical system file is given in Appendix 1.

The modal parameter table, mode shapes file and geometry file are used to
obtain the SABBA system file information automatically. The additional sub-
systems are edited on to the end of the file.

FORCED RESPONSE OF THE ENGINE BLOCK

Force inputs to the block can be initially concentrated at the main bearing
location, which have been shown Lo be a major energy route. 1Using the
measured cylinder pressure diagrams in conjunction with a bearing load
program, the main bearing lcad time-histories can be predicted and then
transformed into phased frequency spectra for input to the forced response
calculation. In this way representative force spectra produce typical block
surface velocily distributions which have to be post-processed to define the
acoustic coupling hetween the structure and the surrounding air.

Twg methods have been developed. The first uses third octave space-averaged
velacity spectra in conjunction with an acoustic model of the engine (Rer.?1}
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consisting of flat plates From which the radiation efficiency of the various
surfaces can be estimated and the radiated sound power calculated. In summary
the method consists of the following:

(1) Setting up an acoustic model of the crankcase consisting of flat
plates in order to calculate their radiation efficiency for
different third octave bands

{2) Calculating the space-averaged velocity for each panel in each
third octave band

(3} Predicting the sound power radiated by each plate from the
expression Sound Pewer Level (SWL) = pc < u? > Ag rad.

{4) Summing the SWL of each constituent plate to obtain the total
acoustic power

The output from the program is a ranking of the sound power radiated by each
of the plates constituting the acoustic model of the structure and the total
sound power radiated by it.

The second method uses a finite element approach to discretize the surface of
the block and then employs an approximate Green's function solution to obtain
the volume integral of the surface velocity distribution to calculate the
acoustic pressure at some point in the far field.

This method requires the following information:

(a) Geometric definition of the finite elements representing
the surface

{b) The element connectivity to describe the area and
velocity distribution points

{¢) The velocity distribution at each of the modal pgints
of the element

(d) The far - field point co-ordinates for which the acoustic
pressure is to be calculated.

The output from the program is the acoustic pressure at a specific point in
the far field and the contribution of individual elements to the calculate
sound pressure level.

In both cases, the surface velocity distribution can be obtained from
experimental or analytical data. For the second method, both magnitude and
phase of the velocity distribution are required as inputs to the program,

The second method 1s far more accurate than the statistical energy approach at
low frequencies but as the modal density of the structure increases in the
third octave band and the directivity effects of acoustic elements become less
important at high frequencies there is justification for using the first
method above 1000 Hz for engine structures and the second method below 1000 Hz.

APPLICATIQN OF THESE TECHNIQUES TO DIESEL ENGINE DESIGH

Figure 8 is a synthesis of a driving point frequency response function in the
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crankcase region of a diesel engine. The similarity between the measured and
calculated frequency response functions providesthe necessary confidence in the
quality of the test data.

An analytical representation of a ladder frame was added to the crankcase
region of the engine. The modified structure showed a 3 dB reduction in
vibration levels from this region of the block. Since the sump is a major
radiator of noise such a reduction in the force input to the sump will reduce -
overall noise levels significantly. In practise a 13-2 dBA overall engine
noise reduction was achieved.

CONCLUDING REMARKS

Modal analysis used in conjunction with SABBA and noise from vibration plate
theory is being used by the test engineer and engine designer to investigate
noise and weight reduction in diesel engines. However, it should be stressed
that the test-engineer and designer must still apply sound engineering
judgement to the data generated.

The technique does not have the flexibility of purely analytical methods in the
modal data base and therefore modifications are restricted to the three
translations at each point and limited to discrete stiffness, mass and damping
or nodal representation of a restricted type of structure with the similar
limitations regarding translation. Furthermore, changes to gemetry cannot be
made, and the complete removal of stiffness, mass or damping from the model is
not possible.

To obtain this level of flexibility, SORC again combine analytical and
experimental techniques but use the measured modal properties to correlate
a finite element model of the engine structure., Once confidence has been
established in the analytical model, the insight available to the test
engineer, analytica) engineer and engine designer regarding the structural
behaviour of the engine is considerably increased.

The test engineer must rely on the mode shapes, aided by animation, to
determine which elements are controlling the particular modes of vibration,
whereas with finite element methods this information can be obtained from a
strain energy tabulation. Like the finite element method, the combined
approach to systems amalysis only permits changes to be made at the measure-
ment points, therefore, close cooperation between the designer and test
engineer is essential to ensure that points where possible modifications can
te made are measured. Moda) models obtained from measured test data are,
however, not subject to the assumptions, errors and costs of largely
analytical models and when used judiciously have been found to be a cost
effective way of tackling engine noise and a variety of other mechanical
engineering related problems.

The final proof of whether a modification js of any consequence, however,
depends upon building the hardware and testing it under operating conditions.
These techniques allow the design to be optimised without recourse to many
such tests.
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TABLE 1. Modal Parameters Extracted from Measured Frequency
Response Functions.
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