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External noise legislation and the demand for lower 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 lumped damping material can be readily evaluated. To demonstrate
the application of this approach, examples are given of engine system models
obtained from mathenatically 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 modal 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. However. it is

absolutely 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 (EBA) 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 is 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 covlbination 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.
for example, to be added to the structure that has been tested. Such changes
can be assessed before emitting to hardware.

THE EXPERIMENTAL MODELLING APPROACH

in order to apply these techniques, the experimental modal data base obtained
from the artificial excitation tests must be of a very highstandard. To
establish the quality of test data. the ability to reconstruct the original
data from the mathematical 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 i.

This paper describes how the application of a conbined 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.
Phase 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.] Setting up SABIiA system files to allow the structural

modifications which the interpretation of the experimental mode
shape data suggested would improve the design.

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

4.] Establishing modal representation of the beam stiffeners and
adding sub-systems to the experimental systemfiles at the
small 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

Classically, the lnertance Frequency Response Function of a linear system due
to a single point excitation is defined as

Hm U“) = Fourier transform of the acceleration at point i

I Fourier transform of the force applied at point k

This definition is not suitable for experimental measurenents.especially when
a randunly varying force is used to excite the structure. A practical
measurement with a digital analyser is achieved by calculating

H“ Um) =' Cross Spectral Density between input and response

Power Spectral Density of the input force

 

116

  



 

Proceecilgsol'l'helnstimledm

'llllllll‘ m Emmll MA "I l'lE mm".
IIIUJE If E]:m'

By iqluul‘ting this definitial. mule averaglq can be used to iwme

the statistical quality of the mud frqmlcy repulse functions. In

particular, lien unis definitiu is applied to nudi- elcitatim the result

is the best least squares linear apprwintim fw tile freqllmcy response

function over tire range of aqvlitndes and frerpmciu excited. I .

Provided that sufficient ensdrleW are talen, the cross spectral

representatim has a miner of other iqaortant prwedies:

(a) culminating noise in tire respulse signal is elilinated;
(ll) any additional uncorrelated irwls did! also excite the test

structure (e.g. fru ad’acalt rigs in the test area) will not

affect the wasted frqrmcy ramse furaztions.

lhe quality of each mun-ant my be assessed by eulining the corresponding

Cohermce Function defined as

2 A _ truss Eta] llansitz 1
ll it“) -

force.l PSI) x Acceleration; PSI!

For sirajle point excitation of an ideal "mar systu. the muted coherence

functim should have a value of 1.0 at all frenrrencies. In practice hoaever.

signal procasing errors. noise and structural m-linearities rill tend to

reduce the duserved cdrerence.

For the najority of frequency "spouse flutims nasured in the ndal survey

tests. the coherence should be greatn- flran 0.95 in the refill! of each

resonant frequency. Figure l exprsses lire unfitnue liraits for frequency

response functions in terns of the rider of “la avenues and the

masured coherulce value. llre Iajority of the test rhta was calculated Iith

32 independent ensdlle averaws and Figrre l carfirns a kiwi level of
statistical accuracy men )" is greater than 0.95.

Single point excitation using an electrwtic shaker in cmjualction rritlr a

force transducer aral accelerates can be quqed to nasrn-e the fmuency

response characteristics at sufficlm points «I the block to enable fire

mde shapes to be recognised.

Once all the frazrnncy response frenetic-Is have been .asured and stored. a

detailed analysis can be carried out in the folluing Ianner for each exciter

location:

I. A sufficient nrflrer of Belle arai mist plots are displayed and

emined to enable fl: approxinte frequencies of all resonant peaks

in the range of interest to he imified.
2. A llulti Degree of freak- (llll’) curve fit is applied to each

driving point frequaty respase (arctic!- to extract accurate mdal

parauter inforuatiul.
For a single-input “mt the fruprmcy response function

marital-ed at location In nay be Irrittm as
ZI rOnt;u i. = _.._.___._

( ) £1 affine W iea'. l-Efl (l)
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Ihere A5" is the complex residue at the pole S"

are the complex eigenvectors (mode shape
amplitudes) for the rth mode

is the undamped natural frequency of the rth mode

(I. is the viscous damping ratio for the rth mode

The complex (Laplace domain) nature of this expression results frail

the fact that the distribution of danming 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 a bare engine block, there is
significant lumped damping at the main bearings which causes the

modal data to become non—normal (ie complex) for the canbined system
although the modes of the bare block, with its light 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
MDIlF analysis since every frequency response would have to he curve
fitted which would be extremely time consuming.

A Single Degree of Freedom (SDUF) circle-fitting technique is
applied to each modal circle (ie every mode 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.

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 290°
even though some of the circles can be displaced due to
contributions from adjacent modes.

For each mode, animated mode shapes obtained 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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2.

For each natural fremy. the best set of node shape vectors are
stored separately to beta the final mien eigenvector ntrix.

6. For each node, the mlisiug point or a point of large response
can be identified and an Ill" curve fit applied to its nasured
frequency response fraction- lhe accuracy of the fit (awlitude and

phase) can be confide Iry eminirrg tin Bode and Ilyqu-ist plots in
the frequency range mining the not. The paranters for the
nude can then be moved into the punter table replacing the
original values obtained fro- the driving point freqwa response.
lhis procedure must be repeated for each node to give a final

paramter table containing accurate mdal properties. (lable I).
Figure 4 is a typical m curve fit for on frequency response
function in this table.
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M125 assfltion

lhe circle fit theory is ally valid forliyltly dined systnns (L<0.l5).
As the damping level is inn-eased. the circle representation no longer
holds and the technique breaks m.

rmiaenc! resolution reguirellznts

Ilhen performing a nodal test using digital Fast Fourier lransfona

techniques there is a conflict hencen the lhsirable constant bandhidth

frequency resolution and the mill- frequency of interest. lypically.
the muted frequency respwse function (W) will contain l024 equi-
spaced spectral lines. Corseqrnntly. ounce the upper frequency limit is
chosen. say flux. the freqlmcy resolution is fixed at

fmax
1024

lo extract good estimtes of both .rde shapes and damping from either
M or SWF curve fitting routines. there should he at least five
measurement points within the half-poler barnhridth for each node—3f
vibration. ' _

Af:

lhe minim frequency resolution therefore needs to be

2
Afluin = g “n

uhere En and fI1 are the critial him ratio and natural frequency of
the rth node respectively.

In order to satisfy this criteria with algirn block frequency response
function masurements. two freupreocy rilst are needed (o—Ioao Hz and
(How Hz) toensure adequate frequency resolution for the lower

frequency modes.
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3. Closer spagd mdes

In the case of‘tlié'engine structure. there are sure modes of vibration
veryL closelyvspaced in frequency and there are a miner of problems
associated Iifl: performing a circle-fit analysis with this type of data.

(a) It becomes difficult to use themaximum frequency spacing criteria

to identify the resonant frequencies and to choose limits for the
circle fits.

(b)? It is not clear whether the miles are real or complex.
' (c) The mass and stiffness contribution from the close adjacent mode is

- no longer constant and distorts the circle.
(d) Non-linearities can produce similardistortions of the Nyquist plot.

- llhen this occurs, the Moor procedure must beused to determine good
. estimates of the nude shapes as well as the modal parameters.

a major feature of the limf 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 represented

analytically as Laplace rather than Fourier Solutions. This is only true
if the basic model of the system is assured to exhibit non-proportional
viscous dangling.

lhasurejnint noifi

Because the nuor 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 treasured 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 ensemble averaging.

  

lteal or cgplex modes? ’

The sour and HDDF curve fitting techniques are capable of extracting

complex afié shapes from measured data. However the subsequent use of the
modal data base is greatly simplified if the nudes canbe assured to be

real.. Therefore the analyst must decide on the validity of a real nude

assumption. The 'normality' of the modes can generally be assessed by

examining the Nyquist 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 dawing) and the modal circles
are very normal since. in each case, the resonance frequency point lies

directly above or belou the centre of the circle. On the other hand,
Figure 6 was msured on a mtor vehicle where the daiuping elenents are
discrete (shock absorbers in the suspension assuhlies) and the nodes are
definitely non-normal due to the non-proportional damping.

lihen the mdes are closely spaced. it beounes more difficult to assess the
normality since the mdal circles become distorted due to the influence of

adjacent nodes. Figure 7 dennnstrates the large phase error which can
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result if a complex mode is assumed to be real. Note that the magnitude
of the Bode plot is the same in both cases. .

EALIDATING THE MODAL DATA BASE

One of the most important aspects of the experimental modal analysis is the
determination of the accuracy of the information estimated from the frequency

response test data. The test and analysis phase or the modal survey mustbe
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 Eiflonional viscous damping the frequency response at point

i due to an input a paint E is given by

  

  

' r T

“jk = Z ._.3 _‘L_____
r=l In,-(m'.7 — u" I jZLr uunr)

d’nr Vii
where m = —~-~

“nun

N r r
ll" 'l/_ J RDr njk- z ___ ____

r=l kru — (ti/i. )7 + jaw/mp)

Hhere:

m" --—-Eigenvector (ie. mode shape coefficients) for the rth Mode

 

mr Effective Mass for the rth Mode

kr ---—Effective Stiffness of the rth Mode - mrmr2

(r —v—-Equivalent Viscous Damping Ratio for the rth Mode

w.- --—-rth Natural Frequency

in -—-—Exr.itai.inn Frequency

It..." -—--Residue calculated for rth Mode from Hm 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 location 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 moved to the position that was analytically simulated so that the
analytically predicted frequency response function can then be compared with

measured data. Since all of the mode shape data for the given points. as well
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as the coumlete set of modal parameter estimates. are involved in this re-
construction. it provides a very thorough check of the entire analysis.

It 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 can

be quickly traced to errors of judgenent during the analysis of the frequency

response functions. In the general case there are seven majorcontrolling

parameters:

1. The mode shape coefficient at the original driving point

2. The mode 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

5. The residue calculated fran the frequency response function

6. The damping of the mode

7. The natural frequency of me mode

of these seven quantities, the influence of poor estimates of damping and

natural frequency canreadily be observed during data analysis. However,

phase errors in the frequency response function calculated from the synthesis

expression can be due to errors in sign in fly 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 obvious phase error between

calculated and measured frequency response functions.

Finally. if the calculated frequency response function is always over or under-

predicting then the error will lie in the estimate of the residue and/or

damping. local fluctuations are caused by errors in the mode shape co—

efficients or non-constant damping across the structure.

Egon. sverLoErmmou

The experimental modal data base established by the nethods described in the

previous section are used to produce the system files for the SABBA program.

The SDRC SABBA computer program can be used to couple the structural

characteristics of various conponents or sub—systems in order to predict the

response parameters (e.g. force displacement, velocity. acceleration) of a

total system. small is based on an analytical fonmllation knoun as the

SDRC Building 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. Each of these sub—systems can be analysed

by existing experimental techniques, finite elment routines or classical beam

theory. The data generated for each sub-system is then input to SABBA to Tom
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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 from 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 SAEEA. Mathematical relationships are derived for each sub—

system. The structural parameters for each sub—system are then provided as

input to the SAEBA 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 preperly 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 limited only by the user‘s

imagination and his ability 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 I.

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.

rouccp RESPONSE or THE cumming
Force inputs to the block can be initially concentrated at the main bearing

location. which have been shown to be a major energy route. Using the

measured cylinder pressure diagrams in conjunction with a bearing load

program. the main bearing load 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 velocity distributions which have to be post-processed to define the

acoustic coupling between the structure and the surrounding air. -

Two methods have been developed. The first uses third octave space-averaged

velocity spectra in conjunction with an acoustic model of the engine (Ref.'i)
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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 Power Level (SHL) = ac < u2 > Au rad.

(4) Sunlning the SHL 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

(h) The element connectivity to describe the area and
velocity distribution points

(c) The velocity distribution at each of the modal points
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 elenents 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 is 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 “L

5313191133pr THE__S_E__T_E_C_H_N_lgUES m DIESEL_E§§I_NE DESIGN

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 lg-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 testvengineer 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 modal representation of a restricted type of structure,with the similar

limitations regarding translation. Furthermore, changes to geometry cannot be

made, and the complete removal of stiffness, mass or damping from the model is

not possible.

To obtain this level of flexibility, SDRC again combine analytical and

experimental techniques but use the measured modal properties to correlate

a finite elanent model of the engine structure. Once confidence has been

established in the' analytical model, the insight available to the test

engineer. analytical 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 analysis 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

be made are measured. Modal 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 is of any consequence, however,

depends upon building the hardware and testing it under operating conditions.

These techniques allowthe design to be optimised without recourse to many

such tests.
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Figure 23.
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Figure 2b. Comparison of Nyquist Plots for block.on its

own (2a) and with crankshaft installed (2b).
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Figure 3. IypicaI Single Degree of Freedom CircIe fit.
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Figure 6. I'lyquist Plot for Non-proportionally Damped Structure.
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     Figure- 7. Phase Discrepancy Produced by Selectinq Normi instead of

Complex Modes
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