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k_* 1135
T a
(N/m) (N/m)
=75 lO7 7. S lO7
6.02 x 10° 4.64 x 10°
1.86 x lO6 LIS lO6

2.83 x 10° 2.19 x 10°
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NOMENCLATURE

engine c.g. longitudinal acceleration
engine c.g. lateral acceleration

engine c.g. vertical acceleration

gravity units

complex number 1/:i, also index

isolator complex axial stiffness

fuselage ground springs

isolator complex radial stiffness

engine mount elastic mode degree of freedom

engine mount rigid body degree of freedom
fuselage inertance matrix

forces applied to engine c.g.

attach point nodal forces associated with XSl
attach point nodal forces associated with Xéi
nodal forces associated with XS2

attach point nodal forces associated with Xéé
unity diagonal matrix

engine roll inertia

engine pitch inertia

engine yaw inertia

stiffness matrix, in general

fuselage dynamic stiffness matrix

mass matrix, in general

engine mount rigid body mass matrix

rigid engine mass matrix

fuselage apparent mass matrix

Xl




firewall force excitation to cabin SPL transfer
function matrix

engine mount elastic mode eigenvectors

engine mount rigid body eigenvectors

engine c.g. to isolator rigid body transformation
engine weight

Cartesian coordinates

engine mount interior nodal degrees of freedom
engine c.g. degrees of freedom

engine to isolator degrees of freedom set
engine mount to isolator degrees of freedom set
fuselage degrees of freedom

engine mount to fuselage degrees of freedom set
engine mount critical damping ratio

switch, denoting +1

ratio of disturbing frequency £
frequency fn

d to system natural

material loss factor

angular rotations about the Cartesian coordinates
circular frequency

engine mount free-free normal mode circular frequency

superscript denoting differentiation with respect
to time

superscript denoting two differentiations with respect
to ‘time

X4




I. INTRODUCTION

Over the past few years considerable attention has been given to the
reduction of interior noise in general aviation aircraft (ref. 1-14). A
majority of the literature in this area has concentrated on reduction of
the airborne source by investigating methods for increasing sidewall trans-
mission loss or reducing the propeller signature (ref. 15-22). The twin
engine aircraft has been the major subject of the above referenced work due
to the geometric location of the propeller plane, being in close proximity
to the fuselage sidewall. 1In single engine general aviation aircraft the
structure-borne noise component produced by engine vibrarions has been shown
to be a major source of interior noise (ref. 23). The interior noise
spectra shown in Figure 1 is taken from data presented in Reference 23
wherein ground tests of a Cessna Model 172 aircraft were carried out using
an engine attached/detached test technique to determine the engine induced
structure-borne noise contribution. As can be seen by the data given in
Figure 1, engine induced structure-borne noise has significant components
up through the 1600 Hz band. For the referenced data which was taken at an
engine speed of 2160 rpm the fundamental propeller tone, is in the 63 Hz
band, and establishes the major low frequency component. Responses in the

500 to 1250 Hz bands establish the major mid-frequency contributions.

Improved engine vibration isolation would appear to be a viable noise
control measure for the reduction of the structure-borne noise in the
single engine aircraft. However, effective application of any noise control
measure requires predictive procedures for screening candidate materials and
test procedures for verifying the choice of a particular control measure.
To this end an experimental and analytical program was undertaken to develop
the necessary test and analysis procedures to investigate engine vibration
isolation treatment for reduced interior noise transmission. The specific

objectives of the program were to:

1) develop a laboratory based test procedure to simulate engine

induced structure-borne noise transmission




2:) test a range of candidate isolators for relative performance
data and basic data for analytical model correlation

3 develop an analytical model for isolator design evaluation.

The approach to this program was to develop a laboratory based test
facility employing the Cessna Model 172 aircraft used in previous studies,
and described in Reference 23. A picture of the facility is shown in the
frontispiece. By direct excitation of a rigid engine, via an electro-
dynamic shaker, transfer function data in the form of interior sound pres-
sure level response for a given force input could be obtained for candidate

noise control measures. A series of isolators, including a rigid baseline

set were tested and relative comparisons were made between measured transfer

functions. Due to the lack of predictive procedures for the higher fre-
quency range of interest in this study, the development of the analytical
model required empirical characterization of the aircraft aft of the fire-
wall. Forward of the firewall finite element structural analysis and
dynamic modeling procedures were used to model the various components.
Coupling procedures then were used to combine the various component repre-
sentations. Comparisons of predicted to measured results for the various
isolator sets were made to verify the analytical model and to point out the

modeling detail necessary to insure adequate analytical representation.

Use of trade names or names of manufacturers in this report does
not constitute an official endorsement of such products or manu-

facturers, either expressed or implied, by the National Aero-
nautics and Space Administration.




II. TEST FACILITY, INSTRUMENTATION, AND PROCEDURES

A. Test Facility Description

The 1963 Cessna model 172 single engine aircraft used in the previously
referenced source identification ground tests was also employed for the
present investigation. In the previous studies engine attached/detached
tests were carried out to determine the structure-borne noise component.

The structure-borne noise levels were determined by subtracting the airborne
noise, which was obtained during the engine detached tests, from the engine
attached spectra. The subtraction of the airborne component worked quite
well since both source components were of near equal strength. However, it
was realized that if moderate reductions in structure-borne noise were ob-
tained, the engine running test facility would not yield accurate measures
of the structure-borne noise levels. Effectively the engine attached and
engine detached spectrum would for the most part appear identical. This

was the major reason for developing a laboratory based test facility. The
simulation of engine excitation would be supplied by electrodynamic shaker
excitation applied to the engine. After preliminary laboratory tests it

was felt that shaker excitation of the engine could be harmful to the engine
bearings unless the propeller was continuously rotated during the tests.

It was also desirable to have well defined engine mass properties for devel-
opment of the analytical model and a mechanically convenient means of
varying engine isolator properties. For these reasons a rigid engine mass

was designed for the laboratory test facility.

The rigid engine mass properties were designed to meet the major mass
properties of the actual engine which were determined from a series of
static weight measurements to determine the engine center of gravity and
a series of swing tests to measure principal inertias. In Table 1, the
actual engine measured mass properties and the rigid engine design calcu-
lated mass properties are listed. It was felt that the primary engine
mass properties would be the engine weight, center of gravity location, and
I or roll inertia. Obtaining these mass properties would allow simulation

XX
of the primary engine dynamic loads, namely thrust and torque oscillations.




A sketch of the rigid engine design is given in Figure 2. The design
allowed direct use of the existing engine mount frame and the incorporation
of a series of engine vibration isolators with varying mechanical proper-
ties in addition to the original equipment isolators. A photograph of one
of the original Lord Kinematics H-3006-1 vibration isolators and a Barry
Controls Series 22002 vibration isolator is given in Figure 3 along with
the forward section of the engine mount structure. The original equipment
isolator was adapted to the dummy engine via a pair of ring collars to
pick up engine loads in the axial direction. A rigid (steel) set of iso-
lators, duplicating the Series 22002 dimensions, were also manufactured
to provide a baseline configuration. The static isolator properties were
obtained from the manufacturer's product literature (ref. 24-25) and are
listed in Table 2 for comparison. For the purposes of maintaining numerical
stability in the solution procedures, to be discussed in Section IV, the
"rigid" isolator stiffness was set to a finite value. The baseline values
for the material loss factor (n) for the isolators were taken to be 0.10;

specific loss factor data were not given in the product literature.

The wings, empennage and interior trim were removed from the test
aircraft during previous investigations. For the majority of the tests
conducted during the present investigation a 1.27 cm plywood bulkhead was
installed at Body Station 108 which separated the cabin area from the
fuselage aft tail cone. This bulkhead replaced the standard interior trim
which was a thin plastic panel with molded stiffeners. Outside of the
installation of the relatively rigid bulkhead, the cabin interior was void
of all trim items. In this configuration the cabin was most sensitive to
structure-borne noise transmission and provided a maximum signal to noise

ratio for the acoustically untreated laboratory environment.

B. Test Configurations

Engine excitation was provided by a 7100 N Unholtz Dickie electro-
dynamic shaker which could be attached directly to the rigid engine. The
attach points are shown in Figure 2. The resulting loading configurations

are shown in Figure 4. Load Case 1 represents primarily a yaw type loading,



Load Case 2 allows for simulation of engine torque oscillations and Load
Case 3 thrust/pitch oscillations. In Figure 5 the facility is shown in
the Load Case 2 configuration. In addition to the three load configur-
ations, four isolator configurations were incorporated into the facility;
Rl - a set of rigid isolators, OA - Lord Kinematics H-3006-1 original
equipment isolators, EA - a set of Barry Controls 22002-5 hard rubber
isolators, and AA - a set of Barry Controls 22002-1 soft rubber isola-

tors. Reference is again made to Table 2 for their relative stiffnesses.

(65 Instrumentation

The rigid engine was instrumented with three accelerometers lo-
cated at the engine center of gravity. Access for the triaxial acceler-
ometer arrangement is shown in Figure 2. A load cell was also attached
directly to the engine at the shaker attach points to provide for input
force control. Three microphones were located within the aircraft
cabin; Pl at the pilot's right ear position, P2 at the copilot's left
ear position, and P3 mid-cabin at the passenger's ear level. A list
of the specific transducers used during the tests is given in the data

acquisition specification in Table 3.

B Data Acquisition and Reduction

A Spectral Dynamics (SD) 105 amplitude servo/monitor was driven
by a SD 104A-5 sweep oscillator to provide a constant harmonic input
force. The oscillator was swept from 10 Hz up through 1000 Hz at a
rate of 2 Hz/second. This was the fastest sweep rate possible without
loss of peak response in the low frequency region. To record transfer
function data a d.c. signal proportional to frequency, taken from the
sweep oscillator, was used to drive the X-axes of two Hewlett-Package
Z-Y analog recorders. Via a switching network one of the engine accel-
erometer signals and one of the interior microphone signals were input
into a Spectral Dynamics dual channel tracking filter set on a 5.0 Hz
bandwidth. The tracking filter was driven by the sweep oscillator.

The outputs of the tracking filter were routed to the Y axis of the X-Y




recorders. In this manner direct transfer function plots of two of

the transducer signals could be obtained in a single sweep. A Nicolet
Scientific MINI-UBIQUITOUS 444A fast fourier transform (FFT) computing
spectrum analyzer was used to record one-third octave peak SPL responses
of the interior microphones. The sweep data were recorded on an Ampex
model PR2230 l4-channel FM intermediate band magnetic tape. The

channel assignment is given in Table 3. A schematic of the instrumen-
tation and data acquisition system used during the isolator transfer

function tests is shown in Figure 6.

A majority of the transfer function data were recorded at an in-
put level of 89 N rms. Several runs were made at 178 N rms to check for
system linearity. The sound pressure level data presented herein are

=5 . ;
referenced to pr = 2 x 10 N/m2 and defined in the usual way by

b
SPL = 10 x loglo<—jz§-> .
Py

Acceleration data are presented as acceleration levels referenced to

2 ;
d = 1.0 g where g = 9.807 m/s and are defined by

21 2
AL = 10 x log, (%> )

x

18, Facility Calibration

Calibration of the instrumentation used in the test facility was
carried out in the usual manner. The accelerometers were calibrated
against a Kistler model 808K/561T accelerometer which is traceable to
NBS Standards. A B&K sound level calibrator type 4230 (94 dB @ 1000 Hz)
was used to calibrate the interior microphones. The load cell was cali-
brated using a known mass under controlled excitation. Facility back-
ground noise during the test established the microphone instrumentation
noise floor. In Figure 7 a plot of the sound pressure level at micro-
phone Pl is given for the case where the shaker was detached from the

dummy engine, however the shaker was driven at a 0.05 g excitation to



simulate expected shaker radiated noise. When comparing noise floor data
given in Figure 7 to the isolator transfer function data, to be presented
in the following section, it can be seen that sufficient signal to noise
levels exist to record meaningful data throughout the frequency range of
interest. The noise floor for the rigid engine c.g. mounted accelerom-
eters were on the order of 25 dB below the measured on axis responses.
Maximum error in controlling the shaker drive signals was less than 0.5 dB

(4.4N for a 89 N drive force).




III. STRUCTURE-BORNE NOISE TRANSFER FUNCTION TESTS

The simulated engine induced structure-borne noise tests results
obtained during the program were used for two purposes: First to obtain
a relative measure of the structure-borne noise isolation capability of
several engine vibration isolator's with varying static stiffness proper-
ties. Second, and of major importance, was to generate basic data to
verify a mathematical model of the structure-borne noise transmission
phenomena. The model would then be used as a tool for improved isolator

design evaluation.

Each of the four isolator configurations listed in Table 2 were
subjected to 89 N rms shaker excitation in each of the three excitation
configurations shown in Figure 4. In addition to these runs several
additional runs were made at the increased excitation level of 178 N rms
to provide a check on the linearity of the system. Data were also ob-
tained with the bulkhead at B.S. 108 removed to obtain a measure of tail
cone isolation provided by the bulkhead. During one additional run the
four lower engine mount struts were held hand tight to obtain a qualitative
measure of the importance of these components to the transmission phenomena.
The run schedule used during the transfer function tests is given in

Table 4.

Due to similarities in excitation and resulting responses between
Load Case #1 and Load Case #2 configurations and for the sake of brevity,
Load Case #1 data have been intentionally omitted from the following dis-
cussions. Likewise, the performance of the hard rubber isolators, configur-
ation EA, was very similar to that of the original eguipment isolators, OA,
and therefore emphasis has been placed on comparisons of the Rl, OA, and

AA isolator configurations.

A. Narrow Band Data

Typical narrow band (5 Hz) transfer function data are represented by
the complete set of spectra shown in Figure 8. While these spectra are

for Load Case #2 excitation of the rigid isolators, configuration R1l, they




serve to point out several general characteristics of all the recorded
data. As can be seen, the interior noise spectra are rich in narrow

band response. The SPL spectra at the various interior locations exhibit
only minor variations from position to position and thus any one of the
microphone responses would serve to represent the cabin noise spectra.

The Load Case #2 excitation (ref. Figure 4) effectively applies a set of
forces to engine c.g. in the Y-Z plane and torque about the X-axis. For

a shaker excitation of 89 N rms the resultant c.g. forces are Fy = 77.8 N
rms and B 43.1 N rms. With an engine design weight of 170 kg the esti-
mated engine c.g. acceleration levels away from resonant responses, are
calculated to be ay = -26.6 dB and Wy =315 dB (re 1.0 g). These esti-
mated levels are indicated on the corresponding acceleration spectra in
Figure 8 and agree very well with the measured levels. The relatively high
acceleration response along the X-axis is attributed to X-Z axis dynamic

coupling.

Similar measured response data are shown in Figure 9 for Load Case
#3 type excitation. For this case excitation is in the X-Z plane directed
through the engine c.g. The estimated c.g. accelerations are again noted
on the spectra and again agree well with the measured data. The acceler-
ation spectra show two distinct engine rigid body coupled longitudinal-
vertical resonant responses at 23 Hz and 76 Hz. Due to X-Z coupling these
resonances also appear in the Load Case #2 data of Figure 8. A strong
elastic mode resonance at 970 Hz is also easily identified in the spectra.
The response is primarily engine vertical bending. These engine resonances
are clearly identified in the interior noise spectra. The interior SPL's
for Load Case #3 are dominated in the lower frequency region by the engine
rigid body responses. The corresponding SPL responses for the Load Case #2
excitation are not so distinct due to the higher level of other low fre-

quency content in the spectra.

The relative structure-borne noise transmission isolation performance
of the original equipment isolators, OA, as compared to the rigid isolators
Rl can be obtained by comparison of the SPL response at Pl in Figure 10 to

the SPL response given in Figure 8. A similar comparison/evaluation can be



made for the lowest frequency isolators, configuration AA, by examination
of the transfer function data given in Figure 11. The original equipment
isolators appear to function well in the 50 to 100 Hz range, thereafter

a plateau is reached until the influence of the 970 Hz engine resonance
begins to increase the transmission. Similar trends are found for the
softer isolators, AA, with somewhat increased performance over that of the
original equipment isolators. The leveling off of the isolation performance
in the higher frequencies is not at all expected based on simple single
degree of freedom isolation analysis (ref. 25). It is well known that
elastomeric materials exhibit frequency dependent properties (ref. 26-29)
and to what extent this behavior may be responsible for the observed
response is addressed with the aid of the analytical model described in

Section IV and the results are discussed in Section V.

It is also important to compare the engine c.g. acceleration response
spectra of the various isolator configurations. By comparison of the data
given in Figures 8, 10, and 11 it can be seen that overall there is very
little difference in acceleration response spectra among the different
isolator configurations; however, there is a trend for the band of low level
elevated Y-axis acceleration response, i.e., response above the estimated
levels, to shift to lower frequencies with decreased isolator stiffness.
This response basically follows the engine rigid body support frequencies.
Nevertheless, the reasonably constant engine acceleration response indicates
that the use of transfer function data based on a constant force to obtain
a relative comparison of isolator performance would be, for the most part,
duplicated using a constant acceleration source. Indeed, inflight engine
excitation should appear as a force or acceleration source and therefore the

above observation adds validity to the present test and evaluation procedures.

Direct comparison of the narrow band SPL transfer function data is
difficult due to the rich narrow band response. To improve the comparison,
hand smooth peak response transfer functions were developed and typical
data are given in Figures 12 and 13. The data given in Figures 12 and 13
clarify the previous observation for the Load Case #2 excitation and shows

that the original equipment isolators were much less effective for

10




longitudinal (Load Case #3) excitations. This should be expected based

on the high radial stiffness of the OA isolators, ref. Table 2.

B. Peak One-Third Octave Data

The test aircraft in flight operates at an engine speed ranging
from 2100 rpm to 2700 rpm. The resulting engine excitation spectra con-
sist of engine 1/2 rpm harmonics of multiples ranging from 17.5 Hz to 22.5
Hz. The resulting combined operational excitation spectra is therefore
dense beyond 70 Hz. The probability of coincidence of an engine harmonic
with peaks in the measured structure-borne noise transfer function spectra
would be high for normal flight conditions. With this in mind, the sound
pressure level transfer function data were analyzed with a FFT analyzer
set on the peak capture mode for one-third octave resolution. A plot of the
resulting SPL transfer function data at Pl for Load Case #2; isolator con-
figurations Rl1, OA, and AA are given in Figure 14. Similar data for Load
Case #3 are given in Figure 15. These data are also presented in tabular
form in Tables 5 and 6 along with other run configuration data. As can
be seen by examination of Figures 14 and 15, presentation of the data in
terms of peak one-third octave transfer functions greatly improves the inter-

pretation of the relative performance of the various isolators.

(@1 Isolator Relative Performance

A measure of the expected performance of the various isolators for
engine running excitations was developed by utilizing data taken from
previous engine running ground tests of the aircraft. The measured engine
alone-interior removed one-third octave SPL given in Table 7 were taken
from Reference 23. The location of the reference microphone MIR used in
the engine running ground tests was close to the Pl microphone position
used in the present study. To be consistent with the measured transfer
function data, the overall sound pressure levels (OASPL) given in Table 7
are based on the listed responses through the 1000 Hz band. The engine
running test data were obtained with the original equipment, OA, isolators
installed. Thus, with the engine running performance of the OA isolators

known, a force level correction factor, relative to 89 N rms, can be
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obtained from

FL = SPL = 'SPT,
& ER 5 OA
where SPLER are the engine running one-third octave sound pressure levels

given in Table 7 and SPL are the peak transfer function levels given in

OA
Table 5. The force level correction factors are then added to the peak
transfer function levels for the other isolator configurations to determine

their engine running levels.

Typical results from the above analysis are plotted in Figures 16
and 17 for transfer functions taken from Load Case #2 and Load Case #3
excitations, respectively. The data denoted as OA are the measured in-
terior levels. The rigid isolator predictions show a considerable increase
in low frequency noise over the original equipment. This is especially
noticeable for Load Case #3 excitation. Summary results of the analyses
are given in Table 8 in the form of linear and A-weighted OASPL. OASPL
were computed based on analyses of data in one-third octave band from
20 Hz through 800 Hz and from 20 Hz through 1000 Hz. It was initially felt
that including the 1000 Hz band transfer function data would contaminate
the overall levels. However, as can be seen by comparison of the OASPL
for the two cases, the force level correction reasonably well accounts
for the high response in the 1000 Hz band. The EA isolators provide some-
what less isolation than the original isolators. While the AA isolators show
anywhere from 2.7 dBA to near 10 dBA noise reduction over that of the original
equipment isolators. The largest gains in structure-borne noise reductions

are obtained from extrapolation of the Load Case #2 transfer function data.

D) System Linearity

A check on the system linearity was provided by the data obtained
in Runs 3, 4, and 14, (reference Table 4). 1In these runs transfer function
sweeps were carried out with 178 N rms excitation. Narrow band data for
isolator, configuration AA, Load Case #3 are given in Figure 18 for the two
excitation levels. Due to large engine motions at the lowest frequencies
the sweeps were initiated around 15 Hz for the higher level excitation.

A 6 dB increase in response levels should result due to the doubling of
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the input harmonic excitation. The input 6 dB increase is verified by the
acceleration spectra given in Figure 18, however, there appears to be
various levels of nonlinear response in the resulting interior sound
pressure level spectra. The one-third octave peak SPL data given in Table
5, under configuration AA, gives a quantitative measure of the degree of
nonlinearity in the response. These data are plotted in Figure 19 for

Load Case #3 type excitation. The highest degree of nonlinearity occurs
below 40 Hz; an area of much less interest than the remainder of the spectra.
The importance of the nonlinear response to the overall isolator design,
analysis and evaluation process is at this time unknown. However, as isola-
tion imprives, one should expect a decreasing influence of the nonlinear
response. Since the nonlinear response appears mainly as a leveling off of
interior responses, design analyses should yield conservative estimates of

cabin noise levels for a given isolator design.

E. Engine Mount Damping Effectiveness

The engine mount structure is an assemblage of 1.91 and 1.59 cm 4130
steel tubes which form a very strong and lightweight carrythrough structure.
The engine mount structure weighs only 5.22 kilograms, while the engine it
supports weighs 170 kg. During one of the sweep tests with the rigid isola-
tors installed, all four lower tube support members were held handtight.
Comparison to hands-off data revealed that the added damping and whatever
induced mass and stiffness had no noticeable effect on the transmitted
structural-borne interior noise levels. A more systematic study of the
importance of the engine mount structure in the noise transmission phenom-

ena was carried out analytically and the results are presented in Section V.

B Fuselage Tail Cone Isolation

The original interior trim bulkhead at Body Station 108 was a thin
plastic panel with molded stiffners. As previously mentioned, this bulk-
head was replaced by a 1.27 cm plywood bulkhead to provide some acoustic
isolation from the tail cone. During the sweep tests it was of interest
then to see what effect the bulkhead had on the interior pressures over that

of the completely bare fuselage. Narrow band SPL spectrum at Pl for the
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bulkhead removed configuration is given in Figure 20. The dashed line

spectra given in Figure 20 is for the bulkhead installed configuration. As
can be seen the spectrum for the bulkhead installed case is overall higher
than for the bare fuselage case. In particular, the response in the 200 Hz

to 400 Hz area is significantly increased by insertion of the bulkhead. |
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IV. ANALYTICAL MODEL

A. Model Concept

Coupled structural acoustic modeling procedures for light aircraft
type structures have been given some attention over the past few years
(ref. 30-33), however the purposed procedures have not been validated for
the higher frequency region of interest to this study (ref. 34) (up through
1000 Hz). The scope of the present study was for the most part limited to
investigating the engine mount structure and vibration isolator design and
therefore changes to the fuselage/cabin area were not anticipated. For
these reasons it was decided that the fuselage/cabin response would be
characterized empirically. On the other hand all components forward of
the fuselage firewall were to be modeled analytically so that design vari-
ations could be easily incorporated into the system model. A model of this
nature is basically a retrofit design tool. However, the procedures used
for coupling the system subcomponents are valid whether the component

characterization is experimental or analytical.

The model was developed using the conventional global axis system,
where X is aft along the centerline of the fuselage, Y is to the pilot's

right and Z is upward for a right-handed system.

BY Component Representation

In this section each of the four model components; the engine, the

vibration isolators, the engine mount structure, and fuselage cabin response,

will be described.

1E Engine as a Rigid Body

The engine was modeled as a rigid body; the mass properties
used are those given in Table 1. In Figure 21 the engine is schematically
shown with its associated centroidal coordinate set {XR} = X a7 GX,
SY, GZ]. Also shown are the assumed rigid extension arms to each of the four
isolator attach points. At the isolator attach points it is assumed that

the three translational degrees of freedom are sufficient to model the
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transmitted engine loads to the vibration isolators. The rotational degrees
of freedom were not represented and therefore no moment carrythrough exists
at these points. It is felt that moment continuity at these points will be
of second order importance. The degree of freedom set at the isolator attach

points is denoted as {Xsl} = LXl' Yoo 2y, X

ll
The motion at isolator attach point i due to a prescribed engine

motion is given by the rigid body transformation

_1—I : : Lz Vi 'Y Y— ’X )
X, , | [ i ! cg | Teg T i
e e —— _—’——.-_-—— ——— — e we— e — ]
T e | x, - x_ Y
i ‘___1__:__L B e g SR © NG PR |
% : l1 : L oy A xcg-xi: 7 : (1)
S l l & y
Yoy
Oy
oy
L o
i
= Tcg {XR} ' (2)

where L_Xi,Yi,Zi_J is the position of the ith attach point and Lxcg’ch’ch
the position of the engine c.g. in the global reference system. For the

3y

complete attach point coordinate set we may write

—
|

il R ) S [Tcg] {x} . &
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The dynamic equations of motion for the rigid body may be written

as

4 5
[M3] {XR} = {FR} s [%Cé] {Fsl} : (4)

where MR is the dummy engine diagonal mass matrix comprised of (M, M, M,

I i IZZ) see Table 1. {XR} are the c.g. accelerations, {F__ }_ are the

BE e SR
attach point nodal forces associated with the displacement set {Xsl}. Through-
out this report differentiation with respect to time will be denoted by dot

superscript, thus, for accelerations the double dot superscripts are

employed.

2ie Vibration Isolators

The vibration isolators were modeled in their local axis as
being independent radial, kr' and axial ka, frequency dependent springs,

k= k2 (W) [1 o n(w)] (5)

and

k =k* (0 [1 + i n(w)J (6)

where i is the complex number V:Z) k;(w) and k;(w) are the radial and
axial spring modulus amplitudes and n(w) is the isolator material loss
factor, both being a function of the frequency of excitation. At this
point we have for the most part specified harmonic excitation. However,
the equations of motion hereafter will still retain their time domain
formulations for a consistent representation among all components of the
model. The isolators are considered to have an effective dynamic mass
equal to their physical mass. If the mass of the isolators is very small
as compared to the engine mass, their dynamic effects may be neglected.

We have herein included the isolator mass for the sake of completeness.

The vibration isolator is schematically shown in Figure 22 in its
local and global axis representation. Transformation of the isolator

mechanical properties from the local axis to the global axes results in
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the following unassembled isolator element mass and stiffness matrices:

Mass Matrix for the ith isolator element

M ' o]
[M]= _JI.__

o | M

where
[MJ = dia [Mi/2, M./2, Mi/2] .
Stiffness Matrix for the ith isolator element
i 3k
K1 'K,
i |
i 7k
K1 1 Ky
£a | =
where
k, | | o
3L 0| P g (O =41k
[Kzz]‘[Kll]' [RGe O 7 (_Lif B l

:57 Gl - &) 120 HRD
and
EE g 2R o, el e
i i ! | &t .
[k12]=[%2i]= & B, Aol ) ] 2 (kg )
RS Bl sl N
e e ) RS2 RG £ de
¥ |

18

o~

(7)

(10)



where 61 is positive for i = 1 and 2, and is negative for i = 3 and 4.
These transformed element matrices reflect the isolator axial alignment
being 45 degrees to the global Z axis, see Figure 3. The coordinate
sets (d.o.f.) associated with the isolators are those on the engine side
of the isolator, previously defined as {X__} and a corresponding set on

S
the engine mount side of the isolator, {Xél}'

The dynamic equations of motion for the isolators may be written

as
11! & 13 4] =12
MX-I‘:’ 9 Xs1 ot N1 K1 %51 B Fsy (11)
22 |1, 20 Fomo el T s Ty
9ty | Xe1 K1 b el i Fs1 .
where
MVI = dda [M,M,M, ,M:] K (12)
o i) l l ; i
1
| I_KLZ st s B ke

4 I
[KVI]= ___l____;_____l-_l_l.__—i————J——‘LK—u‘* (13)

and {Fsl} and {Fél} are the nodal forces associated with the {Xsl} and

-

{X7.} coordinate sets, respectively.

S1

=S



3. Engine Mount Structure

The engine mount structure is an assemblage of 1.91 and 1.59 cm

4130 steel tubes which form a very strong and lightweight (5.22 kilograms)
carrythrough structure. The engine mount is schematically shown in Figure
23 with its corresponding coupling degrees of freedom. The coordinate set
{Xél} is the coupling degrees of freedom associated with the isolator attach
points and the set {XéZ} are associated with the engine mount to fuselage
attach points. A finite element model of the engine mount was developed to
represent its dynamic characteristics out through 1000 Hz. The model con-
sisted of 72 structural nodes interconnected with 70 elastic beam elements
resulting in a dynamic model with 201 degrees of freedom. The isolator
attachment lugs, see Figure 3, were not modeled in the finite element model.
These lugs are modeled as a spring in series with the isolator. The lowest
stiffness is in the axial direction with a minimum value of 3389 N/m.

Thus the local stiffness of the lugs are of interest only in the "rigid"

isolator configuration.

Modal synthesis techniques (ref. 35-40) were used to reduce the
number of degrees of freedom in the model. The model was expanded in terms
of its free-free normal mode responses. A total of fifty-one (51) normal
modes of the free structure exist in the frequency range out to 1000 Hz.

A plot of mode number versus frequency for the engine mount structure is
given in Figure 24 and a list of the frequencies along with the engine strut
number (s) with the largest contribution to the eigenvector is given in

Table 9. In addition to the 51 elastic modes, an additional six (6) rigid
body degrees of freedom are necessary to completely describe the engine

mount response to arbitrary motion. Due to the high number of elastic mode

responses, the modes were band selected in groups of 30 each during the model

predictions. The mode numbers used for a given prediction range are listed
in Table 10. The six rigid body modes were then used in conjunction with
the thirty elastic modes to represent the engine mount dynamics in any of

the desired prediction ranges.

The resulting dynamic equations of motion for the engine mount

structure are, in matrix form,
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where MM is the engine mount rigid body mass matrix, I a unit diagonal
matrix, B an imposed critical damping ratio for each mode, Wy the normal

mode frequency, QRl and Qel’ respectively, are the rigid body and elastic
Sl
are, respectively, the rigid body and elastic mode components associated

mode components associated with the {X[ } degree of freedom set, QR2 and

Qe2

with the {st} degree of freedom set, {Fél}M are the nodal forces at the

isolator attach points, {FS2}M are the nodal forces at the fuselage attach
points, {qr} are the six rigid body degrees of freedom, and {qe} are the
elastic mode degrees of freedom. The nodal degrees of freedom of the

engine mount are rleated to the rigid body and elastic mode degrees of free-

dome via the normal mode eigenvectors:

X 1 —Q I Q : q
_st Ry ol —&r- (15)
) = | %2 LQez 3
Ry Qr1 | Q1
/ S, —

For completeness in the above expression all interior nodal degrees of free-
dom of the engine mount structure, {XI} have been included. However, it
should be noted that the interior set {XI} are not needed in the description

of the engine mount component and therefore were not retained.
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4. Aircraft Fuselage and Interior Response

The dynamic characteristics of the fuselage at the engine mount
attachment points and the response of selected cabin interior locations were
determined by what is generally referred to as point and/or transfer imped-
ance testing. The choice of the displacement, velocity or acceleration
based response measurement is a matter of convenience with respect to instru-
mentation response and the desired representation. For the problem at hand
it would be most convenient to represent the fuselage as a series of coupled

spring-like elements wherein mathematically we may write

[ng] x5yt = {Fg, ) (159

ng is the frequency dependent dynamic stiffness matrix, {XSZ} the nodal dis-

placements on the fuselage at the engine mount attach points, and {FS2}F are
the corresponding nodal forces. The degrees of freedom associated with the
firewall are shown in Figure 25. Consistent with the engine mount repre-
sentation only the translational degrees of freedom at the firewall are

characterized.

Direct measurement of displacement was not considered to be convenient
or reliable for the determination of ng. However, the use of acceleration
as a base would allow direct and accurate recording of the inertance at the
points of interest for a number of possible forms of excitation. In terms

of inertance

Bl v [c;zj s b (17)

where {isz} are the nodal accelerations and C*_ is the frequency dependent

S2
inertance matrix. Upon inversion of the inertance matrix we obtain the

system apparent mass

[Mgz:l = [ng]—l (18)
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where
Emgz]{xsz} o (19)

; E 5 2 ; :
For harmonic motion {XS2} = -y {XSZ} which allows formulation of the de-

sired dynamic stiffness matrix in terms of the measurable inertance matrix;

[ng] 3 -w2[c’s*2]_l~ (20)

Sound pressure level responses at selected points within the cabin
interior, namely at those points previously denoted as Pl, P2, and P3 in
the transfer function sweep tests, are also characterized with respect to

the nodal forces {FS2}F as

{PI} = [P§2]{F82}F (21)

where {PI} are the responses at Pl, P2, and P3, and sz is a matrix of

firewall force excitation to cabin SPL transfer functions.

Application of a single nodal force, with all other nodes force
free, will allow determination of a column of the inertance matrix, C§2, by
recording all nodal accelerations and a column of the pressure matrix, P§2,
by recording all interior pressure responses. The choice of the force ex-
citation is also one of convenience, consistent with the required accuracy,
available equipment, and available analysis software. Traditionally, con-
tinuous waveform electrodynamic or hydraulic shaker excitation in the form

of random, slow sweep or rapid sweep is used. Impulse techniques have also

been successfully applied in a number of related investigations (ref. 41).

A continuous random source was chosen for the present investigation.
Data analysis procedures for the random data are straightforward (ref. 42),
however, rather lengthy. All data were recorded on magnetic tape, the
instrumentation and data acquisition procedures were straightforward. The
data specifications used during the tests are given in Table 11. A triaxial
accelerometer arrangement was used to simultaneously record orthogonal accel-

eration responses at a single engine mount attach point along with the input
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force signal and the three interior pressure responses. Using a single

triaxial accelerometer arrangement required 48 runs to capture the required

data.

Data digitization and reduction were carried out using a 12-bit
analog to digital converter via a CAMAC interface to a Digital Equipment
Corporation PDP 11/70 computer. Prior to the digitization process, the
data was low passed at 1250 Hz and high passed at 10 Hz. Parameters used

during the digitization process are:

Per Channel Sampling Rate 4096 samples/second
Per Channel Record Length 2048 points
Number of Correlated Records 100

This results in an analysis bandwidth of Be = 2.0 Hz. A trace length of
Tr = 50 seconds and therefore the number of degrees of freedom for the spec-
tral calculations is N = 2BeTr = 200. The normalized standard error in the

process is then S [}/BeTr]1/2==O.lO(<ldB).

A 100-spectra average of the force spectrum input at attach point 1,
driving in the X direction is given in Figure 26. The higher frequency roll
off in the force spectrum was due to limitations of the 220 N shaker. The
30 dB differential across the spectrum is well within the peak 43 dB magnetic
tape and 60 dB A to D process dynamic range. A typical driving point inert-
ance spectrum is given in Figure 27. The magnitude is given in gravity
units per Newton input force, both magnitude and phase spectrum are shown.
From the magnitude spectrum we note that the overall response is very much

to stiffness like throughout the major region of interest.

The measured spectra also show the fuselage to be dynamically a very
symmetric structure; this can be seen by comparing the magnitude of the
driving point spectrum at X1, in Figure 27, to the driving point spectrum
at X4, given in Figure 28. Similar data for the lower engine mount attach

points are shown in Figure 29.

It is also of interest to compare transfer inertance spectra and

verify that reciprocity was reasonably well satisfied during the data
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acquisition process. This is shown to be the case by examination of the
typical transfer spectra shown in Figure 30. For use in the analytical
model, these quasi-symmetric off-diagonal terms were averaged to insure

reciprocity.

Sound pressure level transfer function spectra for the responses

at P1 and P3 due to excitation at F are given in Figure 31. Recall that

X1
microphone Pl is located approximately at the pilot's right ear and P3 at
the mid-cabin rear passenger position. The arrow around 64 Hz in these
spectra indicate the response at the cabin fundamental acoustic resonance.
The fundamental mode response at P3 is much more distinct than at the
forward position, Pl. This is attributed to the mode node line being very

close to the Pl microphone position (see reference 23).

The dynamic stiffness matrices, [K§2] , and the pressure transfer
function matrices, [§§2], were developed at 2.0 Hz intervals from 10 Hz
through 1000 Hz for characterization of the fuselage. Linear interpolation
of the complex matrices allowed continuous representation of these quantities

throughout the frequency range of interest.

(G Component Coupling Procedures

In development of the model components a number of relationships were
developed between the system physical quantities and their associated degrees

of freedom. These relationships and auziliary expressions are repeated

herein for reference:

L), Engine As a Rigid Body
o] %eal B g
.. _ _1T
[MRJ Y =dp ¥+ [TCgJ o, (4)
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2) Vibration Isolators

D1} + [Kypl{xgy} + [Kéi]{xél} = {Fgdyp file)
M214xg} + (Ko1K b+ [KO21(RG ) = (Fgq ), (11b)
3) Engine Mount Structure
M o | 4 00 |[a o 1o [fa
|
B e 8l 2ol | 5
DL e | 0 !ZBw e A e L
2y e iL
1| Forly Qa| Fgaly
= PT—- + —’—I_— (14)
Qel Qe2
{Xsl} [QRl,Qel] q (15a)
de
= r (15b)
(X5} = [Q9p71Q5] (9,
9e
4) Aircraft Fuselage and Interior Response
e Mz, b = {E., b (16)
{PI} = [P’S*ZJ{FSZ}F (21)

The independent degrees of freedom chosen for the model are the six
engine rigid body d.o.f., {XR}, the six engine mount rigid body d.o.f.,

{qr}, and the 30 band selected engine mount elastic d.o.f., {qe}. At the

26




interface between the rigid engine and isolators a nodal force summation

specifies that

{FSl}R + {FSl}VI =0 (22)

when no external loads are applied at the nodes. This being the case,
Equation (3) may be substituted into Equation (1lla) and the resultant
substituted into Equation (22) to yield the following expression

Iy Al o T Lt
EMR i Tcg MVI rI|cc_:[]{XR} # |:Tcg KVI Tcg]{XR}
i 12 - ih
+ [Tcg KVI]{xsl} = {FR}. (23)

The {Xél} d.o.f. set may be replaced by equivalent elastic motion of the

engine mount via the use of Equation (15a), resulting in

i = T - s 1
EMR + Tcg M TCgJ {XR} + ETCg Ko TCgJ{XR}
i - Py 32
+ ETCg R QRlJ{qr} + ETCg e Qel]{qe} = {FR}. (24)

Likewise a summation of forces at the isolator to engine mount attach points

specifies that

{Fél}VI % {Fél}M = Ok {20

Combining the expressions of Equations (11lb), (14), (15a), and (25)

yields
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which may be combined with Equation (24) resulting in
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