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The subject of the considerations described in the paper is the problem of the efficiency of mounting an aircraft

engine on a dyno test bench. The paper presents the empirical research results of vibroacoustic signal applica-
tion to the evaluation of the correctness of positioning of the Rotax 912 piston aircraft engine. The variability of
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selected parameters and vibroacoustic characteristics for real engine operating conditions was assessed, and
functional relations and their discrete representations were developed, reflecting the efficiency of mounting the
object on the frame. Thanks to this process, quantitative measures of the diagnostic assessment of the object
were obtained, which can be used in periodic or continuous operational control of the object.
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1. Introduction

Empirical research on systems in which thermodynamic
processes are carried out, characterized by high dynamics
of changes in parameters and indicators of their operation,
is conducted based on the assumptions of obtaining the
most reliable measures and characteristics defining them [1,
4, 8]. Their purpose is not only the ongoing assessment of
the quality of main processes, which is based on the analy-
sis of the overall efficiency of the facility for specific oper-
ating conditions but also the process of generating and
forecasting changes in operational characteristics with the
time and intensity of use of the object in stationary and non-
stationary conditions [22, 27, 28]. Thanks to this, it is pos-
sible to fill the multidimensional working space of the ob-
ject with the representation of processes of a specific nature
and properties observed there. The result is a more com-
plete description of the mathematical behavior of the ma-
chine in real conditions of its operation, including condi-
tions of conscious modification within the parameters of the
system state vector, a control vector or an operational vec-
tor.

Regardless of the research objectives and evaluation cri-
teria as well as limiting conditions (internal and external),
the primary action of the scientific approach to research on
modern systems is to ensure the most faithful representation
of the course of dynamic processes in operating and ac-
companying parameters, such as in the case of mapping:
rotational speed or valve clearance of the engine in its vi-
bration equivalent [2, 7], identification of specific vibration
parameters during the process of transporting ingredients of
the feeding process [14] or bearing lubrication conditions
[15], assessment of thermodynamic processes occurring in
turbojet or piston engines [29, 33], the impact of a specific
fuel on the efficiency of the combustion process and emis-
sions of harmful exhaust gas components [18-20, 36]. This
is particularly important in the case of diagnosis using vi-
broacoustic processes, which may have different partial
goals and application areas, such as: searching for the most

effective method of reducing the number of parameters
used to evaluate [23], using vibrations to assess the opera-
tion of multi-stage wind turbine gearboxes [24, 35], meth-
odology for research process depending on the type of
process and its nature [26], taking into account safety crite-
ria in the diagnostic assessment [30], using the process of
optimizing structures and systems with high dynamics of
changes in thermodynamic processes [37]. The active value
of the measurement signal and its effectiveness in describ-
ing the observed partial process is also dependent on the
quality of mounting the engine on the test stand, the issue
of which is very important and its importance is greater the
more complex the structure of the object and the correlation
between its various parameters are.

In order to reduce vibration amplitudes in technical fa-
cilities where dynamic processes are carried out, it is neces-
sary to use appropriate methods to reduce their movement
between the source of vibrations and the object absorbing
vibroacoustic energy [9]. For this purpose, an intermediate
element or system is used, thanks to which the value of the
above energy is reduced or even the value of the vibration
amplitude is completely dampened (a vibration isolator).
The phenomenon of decreasing the amplitude of vibrations
when passing from their source to the receiver is called
vibroisolation. In the case of modeling mechanical systems
in which a vibration isolator is used, their linearity (the
superposition of effects) and stationarity are assumed, and
the interactions between them are treated as determined or
stationary random processes. Thanks to this, the analysis of
excitations and their mathematical description can be car-
ried out using frequency analyzes and in the field of system
properties (transmittances as system characteristics regard-
ing a susceptibility). In reality, the connections between the
source, the vibroisolator and the receiver of vibroacoustic
energy are multi-point or surface (modeling of extended
finite systems or discrete matrix models). Minimization of
vibration amplitudes can be achieved by separating dynamic
forces from the isolated area (force vibration isolation), or by
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reducing dynamic displacements of the vibration-sensitive
system (displacement vibration isolation) [5, 16, 17].

An object generating mechanical vibrations is a source
of dynamic force from the process occurring within it. This
machine is placed on a supporting structure. If its vibrations
exceed the permissible values, the source of these exceed-
ances is too high a resultant dynamic force is transferred
from the machine to the supporting frame and inappropriate
selection of the properties of the subsystems (a source,
a vibration isolator, a vibration receiver). In order to reduce
the force transmitted to the frame of the supporting struc-
ture, the dynamic system should be compared without and
with a vibroisolator, using the appropriate susceptibility
matrices o’ i o (after applying the insulation, Fig. 1).

Fa

RO

Fa

Vibroisolation ()

WO

Wol 0 lRD Wl 0 l-R
Frame (5) Frame (5)

Fig. 1. General diagram of the definition of force vibration isolation [5]

The effectiveness of vibration isolation can be defined
by the following equation [5, 16]:

wo

w

RO

R

Ewr = >1 1)
where: R® — force transmitted to the supporting structure for
the system without a vibration isolator, R — force trans-
ferred to the supporting structure for the system with
a vibroisolator (value after passing through the isolator),
w” — displacement for a system without a vibration isolator,
w — displacement for a system with a vibroisolator (after
passing through the vibroisolator).

If the displacements from eq. (1) are expressed by the
susceptibility as the amplitude of the response to the unit
harmonic excitation at point i, measured at point j as [5]:

wl = _800R0 )
w = —8oR 3)

where: 8gp — susceptibility of the frame structure at the
point of contact with the insulator

then the following relationship is obtained after taking into
account the properties of the systems, in accordance with
the susceptibility method:

0 — 0 F — SOOBkl F 4
w" = agoFq = 275 - Fa (4)
W = aoFq = Y10800Bk1 (5)

(800+Y00)(B11+Y11)-Y%p

where: a® — susceptibility matrix for a system without vi-
bration isolation, a — susceptibility matrix for a system with
vibration isolation, Fy — value of the force from the source

of excitation, ygo, Y11, Y10 — Susceptibility of the machine and
the foundation (a primary connection), and on the direct
and cross-impact susceptibility of the isolator, B — machine
susceptibility for a specified side.

By transforming equations (4) and (5), the final depend-
ency on the effectiveness of vibration isolation is obtained
in the form [5]:

(800+Y00) B11+Y11)—Y30
(B11+800)v10

0
E — |%ko
WI — ko

(6)

The assessment of the effectiveness of vibration isola-
tion depends on the susceptibility of the machine and the
foundation (a primary connection) and on the direct and
cross-impact susceptibility of the isolator yqo, y11, Y10

In the case of displacement vibration isolation (Fig. 2),
the goal is to provide vibration protection to a system with
a susceptibility matrix p located on a foundation with prop-
erties 6. The source of forcing Fy4 determines the vibrations
of the foundation, and the effectiveness of their isolation is
equal to [5]:

0
— |%ko
ko

E,=

>1 7

where: z — displacement for a system without a vibration
isolator, w — displacement for a system with a vibration
isolator (before the isolator).

Machine (8)
0
an
1 1

Frame (5) Frame (5)
T Fd Fd

Fig. 2. Diagram of displacement vibration isolation definition [5]

Vibroisolation (y)

Analysis using the susceptibility method allows obtain-
ing the appropriate value for the primary system and the
system with a vibroisolator:

0 _ Bi18ko
Qo = 800+B11 ®)
Qo B118koY10 (9)

T (B11+v11)Bo0+Y00)~Y30

Substituting the above equations into the formula (7),
the equation for the effectiveness of a displacement vibra-
tion isolation is given as [5]:

(B11+¥11)(B00+Y00)=Y%o
(800+B11)Y10

Z

w

0
— |%ko
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(10)

The mathematical relationships obtained for the force
and displacement vibration isolations are equal. Depending
on needs, one can use force or displacement vibration isola-
tion systems. In the case of the force isolation on a rigid
foundation, it is equivalent to the displacement isolation for
a kinematic forcing. In assessing the effectiveness of
a system isolation from mechanical vibrations, the dynamic

COMBUSTION ENGINES, 2024;198(3)

83



Assessment of the effectiveness of mounting the aircraft piston combustion engine on a test stand

properties of the component systems are undoubtedly im-
portant. If no external energy is supplied, then these sys-
tems have passive elements, which makes the vibration
isolator is a symmetrical mechanical system (the suscepti-
bility at the beginning is equal to its value at the end). In the
low frequency range, the properties of the vibration isolator
are elastic, so the isolation will take place if the susceptibil-
ity of the insulator (1/k, where k — isolator stiffness) will be
greater than the absolute value of the sum of the suscepti-
bilities of a machine B1; and a frame structure 8qo. Thanks
to this, it is possible to conclude what dynamic characteris-
tics of the machine and foundation should be used in the
above assessment. The above parameters can also be ob-
tained based on empirical research.

If the direct susceptibility of the isolator is much greater
than that of the machine or a foundation, then [5]:

311

890

K1, <1 (11)
Y11
and therefore:
Y11~ Y10
|(B11+500)Y10 (12)
hence:
o] 55 | (B + 800)| (13)
Y10 11 00

The conditions defined by the inequalities in (13) are
not met if the absolute value of yy; is close to 0. These con-
ditions are met for an elastic isolator, hence the mutual
susceptibility y,o is important. In this case, the best vibra-
tion isolation is provided by a symmetrical isolator in which
[y12] >> 1 and |yi| = 0. The susceptibility of the isolator
also depends on the frequency. The above inequality will be
fulfilled if the resonance value in the direct susceptibility is
significantly greater than the mutual susceptibility. The
issues of vibration isolation of systems require further de-
tailed studies and empirical research, especially in the con-
text of the development of materials engineering, regarding
e.g.: nanoparticles and composite structures [3, 6], coating
on fiber insolation of thermal and vibration processes [10,
21], external composite systems [25], acoustic metamateri-
als for low-frequency broadband vibration and sound insu-
lation [31, 32], composites structures studied for specified
boundary conditions [34].

Taking into account the problems related to the incor-
rectly selected type and design of a vibroisolator for a given
machine (damage to the structure, occurrence of resonant
vibrations), the following research goal was formulated: to
assess the effectiveness of the designed vibroisolator for an
aircraft piston engine placed on a dynamometer test stand.

2. Research methodology

The research was carried out based on the author's de-
velopment methodology for empirical tests of engines in
bench conditions. The research methodology was based on
the passive experiment. The engine speed and torque were
chosen as the input parameters. Vibration accelerations of
the engine block and engine frame were taken into consid-
eration as the output parameters.

The accelerometers were put on the engine block and
the engine frame. Such a position was selected to obtain
a high vibration signal sensitivity regarding the observed
process and a low sensitivity to the other vibrations. Place-
ments and orientations of the accelerometer on the engine
block and frame were considered. The optimal positions for
the transducers were selected based on the analysis of the
dynamic process related signal to noise ratio. The research
dimensions of digital signals were chosen as: X dimension
— parallel to the cylinder axis (and perpendicular to the
frame surface), Y dimension — parallel to the frame surface
and perpendicular to the crankshaft axis, Z dimension —
parallel to the crankshaft axis and perpendicular to the cyl-
inder axis.

Values of the engine speed and load were selected with-
in the engine operative area. Digital data was sampled dur-
ing experiments once coolant and temperatures were stabi-
lized. Software algorithms were developed by the authors
and were used to manage the data post-processing analysis.
The sampling frequency during the research process was
65,536 Hz for each channel of the measurement system.

Measurement of selected parameters of the vibroacous-
tic process for specific engine performance was carried out
following the principle of finding a reliable diagnostic pa-
rameter for accurate evaluation of the effectiveness of
mounting the aircraft piston combustion engine on a test
stand.

3. Engine test stand and research equipment

All researches were performed for the engine test stand
conditions, and the working points of the engine were cho-
sen from the engine speed and torque operating ranges (Fig.

Fig. 3. The view and components of the test stand: 1 — computer, 2 —

throttle and choke levers, 3 — desktop, 4 — air filter, 5 — oil tank, 6 — starter,

7 —regulator, 8 — magnetos, 9 — oil pressure gauge, 10 — oil cooler, 11 —

coolant radiator, 12 — battery, 13 — main power switch, 14 — electromagnet,
15 — fuel tank

The research was carried out using a six-channel meas-
urement system with a B&K LAN-XI type 3050-A-060
card (possibility of parallel recording with a band frequency
of up to 51.2 kHz) — Table 1, Fig. 4.
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i Engine test stand

i Vibroacoustic set
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Fig. 4. The scheme of the measurement circuit connections and installation
of vibration transducers to the engine and frame

Table 1. The technical specification of a LAN-XI 3050-A-060 [12]

B&K LAN-XI 3050-A-060 ;
Number of channels 6
Frequency passband [Hz] 1-51200
DC input [V DC] 10-32
Temperature range [°C] —25-70

Absolute amplitude precision, £0.05 dB, typ. £0.01 dB

1 kHz, 1 Vinput

Amplitude linearity +0.01-0.02 dB (from 0-140 dB)

Weight [g] 750
CCLD/microphone preampli-

Output fier (0 or 200 V polarization

voltage), charge

16 GB SD card (4 h of record-

Data handling ing with 6 channels at 25.6

kHz bandwidth

The recorded signals and the obtained results were ob-
served on a computer screen using the PULSE Reflex Core
software. Vibration acceleration measurements were carried
out using two three-axis piezoelectric transducers of the
B&K 4504A type (Table 2). The above accelerometers were
calibrated separately for each measurement axis. Aluminum
housing and lead piezoelectric element, DC power supply
and high resonance frequency are some of the advantages of
the transducer, thanks to which the transducer's low weight,
high sensitivity and low sensitivity to external factors (in-
cluding environmental factors) are achieved.

Table 2. The technical specification of a Bruel&Kjar 4504A accelerom-

Measurements were done for 3 perpendicular dimensions,
and the recorded cyclic processes were defined using an
angle encoder B&K MMO0360 (Table 3).

Table 3. The technical specification of the B&K MMO0360 angle encoder [12]

Sensor 0
Feature
Transducer type MMO0360
Velocity range [rpm] 0-300,000

1.5 (0.6) to > 70 cm (277)
and > 30° from centre line
< @5 mmat 70 cm

Operating range

Laser spot distance
Maximum continuous input 510430
voltage [V]
3R. Visible 660-690 nm, CW,
Laser class P [optical] <2 mW. Complies with

EN/IEC 60825-1:2007
—10 to +50
CCLD (DeltaTron or ICP® inputs
from 3 to 20 mA), U > 20V

Temperature range [°C]

Input type

4. Research engine

A spark-ignition internal combustion engine of the Ro-
tax 912 type was used as the research object. The above-
mentioned four-cylinder naturally aspirated engine is
a design with a counter-rotating arrangement of cylinders
(boxer type), in which there are two carburetors (BING)
with a central fuel chamber (supplied by a mechanical fuel
pump), and the pressure lubrication system (with the so-
called dry sump) has 2 oil pumps and an oil cooler. This
engine has a mixed cooling system, where the cylinders are
cooled by air and the heads by liquid (the liquid pump is
driven by a gear transmission from the engine's crankshaft).
Each head is equipped with two valves (intake, exhaust)
hydraulically controlled, with the possibility of adjusting
valve clearances (Fig. 5).

eter [12]
Bruel&Kjeer 4504A @
Frequency [Hz] 1-10,000 Fig. 5. The view of the Rotax 912 engine [13]
Senitivity [mV/g] 10 . . .
Temperature range [°C] _50-125 Table 4. Operating and geometric parameters of the Rotax 912 engine [11]
Residual noise level in spec. freq. range 104 Parameter type Value
(RMS) [mg] ) Rated effective power [kW] 59.6 (at 5800 rpm)
Maximum operational/shock level (peak) [g] +750/+£3000 Engine displacement [cm®] 1211
Weight [g] 15 Cylinder diameter/piston stroke [m/m] 0.0795/0.0610
Output CCLD Compression ratio [-] 9.1
Resonance frequency [kHz] 50 . 3 15.0 (by 5000 rpm in 75%
Triaxial/ TEDS/Electrical connector Yes/No/10-32 UNF Fuel consumption [dm'/h] of rated effective power)

The placements of the vibration acceleration transducers
(Bruel&Kjaer 4504 A) were located on the engine block and
the engine frame, nearby generated dynamic processes.

Mass power coefficient [kW/kg] 0.98
Engine length/width [m/m] 0.561/0.576
Engine mass [kg] 60
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5. Research conditions
Empirical research was done under the following re-

search conditions:

— ambient conditions at the engine test stand area: t, =
=20°C and p, = 1012 hPa

— operating conditions: stationary, for each constant en-
gine speed value and constant torque (7 engine speed
values from the range 700-1400 rpm) and the torque
values were 0 Nm (Table 5)

— vibroacoustic conditions: vibration acceleration pass-
band range: 1-24,000 Hz, sampling rate: 65.536 kHz

— placement of a vibration transducer: first on the engine
block (recording in the 3 perpendicular directions) and
second at the engine frame (3 perpendicular directions).

Table 5. The reproduction of stand operating conditions and recorded
vibroacoustic parameters carried out in the research program

Operating conditions Recorded parameters

n [rpm] M, [N'm] Engine block Engine frame

700

900

1000
1100 0
1200
1300
1400

ax,block ax,frame
Ay, block

az,block

ay‘fra\me
az,frame

Obtained vibration accelerations were directed to the ana-
log inputs of the acquisition card. Signals were filtered in the
card (by analog and digital filters) and were converted from
analog to digital form, which were stored in a computer
memory then. The recorded all-time history courses of the
signals were subjected to the time selection process, in which
all recorded signals were divided into signal sequences in-
cluding single IC engine working cycles.

The rotational speed values were measured using an an-
gle encoder placed after the reducer, therefore, to obtain the
rotational speed on the engine crankshaft, the following
equation had to be used:

n, =2.27'n (14)

where: 2.27 — geometric transmission ratio of the reducer,
n, — the engine crankshaft speed [rpm], n — the rotation
speed measured after the reducer [rpm].

6. Measurement results

6.1. Assessment of the effectiveness of vibration
isolation of the engine mounting

The correctness of the selection of vibration isolating
elements is assessed based on the measurement of vibration
signals before and after the vibration isolator. Figure 6
shows the time history of vibration acceleration signals
recorded on the engine and on the frame of the test stand (in
two perpendicular directions).

Based on the analysis of Fig. 6, it can be concluded that
the maximum vibration acceleration amplitudes have de-
creased for both directions of vibration measurement. The
vibration acceleration signals were analyzed by calculating
the damping coefficient based on the eq. (10). The analysis
results regarding the maximum vibration acceleration val-
ues are presented in Table 6.

Table 7 presents the results of analyzes regarding vibra-
tion damping in the energetic sense, based on the values of
the RMS vibration accelerations.

Vibration acceleration - axis X - Engine

100 |

(o] 5 10 15
t[s]
Vibration acceleration - axis X - Stand

t [s]

Vibration acceleration - axis Y - Engine

100 |

a [m/sz]
o

-100 |

(0] 5 10 15
t[s]
Vibration acceleration - axis Y - Stand

100
N_
»
£ 0 MO
@
-100
(o] 5 10 15

t [s]
Fig. 6. The time history of vibration acceleration for two measurement
points and two orthogonal directions

Table 6. The list of damping coefficients of vibration acceleration signal
parameters regarding maximum values

Vibration acceleration damping [-]

n [rom] X axis Y axis
700 3.70 4.63
900 3.46 4.65
1000 4.33 6.18
1100 2.73 4.90
1200 2.79 2.95
1300 3.47 6.03
1400 3.01 3.27

Table 7. The list of damping coefficients of vibration acceleration signal
parameters in terms of energy (for the RMS estimator)

Vibration acceleration damping [-]
n [rpm] X axis Y axis
700 1.82 3.58
900 1.83 3.58
1000 2.36 4.81
1100 2.27 3.47
1200 2.21 3.88
1300 2.08 4.06
1400 2.27 2.69
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Based on the analysis of the damping coefficients listed
in Table 6 and Table 7, it was found that for all engine
operation settings during the tests, the vibration accelera-
tion signals were damped.

Figure 7 shows the time history of vibration velocity
signals recorded on the engine and on the frame of the test
stand (in two perpendicular directions).

0.04 Vibration velocity - axis X - Engine

0.02 r

v [m/s]

-0.02

-0.04 . .
0 5 10 15
t[s]
Vibration velocity - axis X - Stand

0.04

0.02 -

v [m/s]

-0.02

-0.04
0

t [s]

Vibration velocity - axis Y - Engine

-0.04 : *
0 5 10 15
t[s]
Vibration velocity - axis Y - Stand
0.04 T .
0.02
@
E O
>
-0.02
-0.04 *
0 5 10 15

t[s]

Fig. 7. The time history of vibration velocity for two measurement points
and two orthogonal directions

Based on the analysis of Fig. 7, it can be concluded that
the maximum vibration velocity amplitudes were reduced
in the X direction, while they were strengthened in the Y
direction. The vibration velocity signals were analyzed by
calculating the damping coefficient. The analysis results
regarding the maximum vibration acceleration values are
presented in Table 8.

Table 8. The list of damping coefficients of vibration speed signal parame-
ters regarding maximum values

Vibration velocity damping [-]
n [rpm] X axis Y axis
700 1.32 0.72
900 1.22 0.64
1000 1.26 0.74
1100 1.37 0.58
1200 1.01 0.72
1300 1.36 0.65
1400 1.31 0.66

Table 9. The list of damping coefficients of vibration speed signal parame-
ters in terms of energy (for the RMS estimator)

Vibration velocity damping [-]
n [rpm] X axis Y axis
700 1.29 0.60
900 1.33 0.53
1000 1.20 0.62
1100 1.35 0.54
1200 1.19 0.69
1300 1.37 0.66
1400 1.29 0.62
Vibration displacement - axis X - Engine
0.2
E
£ O
>
-0.2
0 5 10 15
t [s]
Vibration displacement - axis X - Stand
0.2
E o0
>
-0.2
[0} 5 10 15

t[s]

Vibration displacement - axis Y - Engine

0.2}

X [mm]

0 5 10 15
t[s]
Vibration displacement - axis Y - Stand

0.2

X [mm]

t [s]

Fig. 8. The time history of a vibration displacement for two measurement
points and two orthogonal directions
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Table 9 presents the results of analyzes regarding vibra-
tion damping in the energetic sense, based on the values of
RMS vibration velocities.

Based on the analysis of the damping coefficients listed
in Table 8 and Table 9, it was found that for all engine
operation settings during the tests, the vibration speed sig-
nals were damped in the X direction and strengthened in the
Y direction.

In a similar way, the effectiveness of damping vibration
displacements was analyzed, the time history of which is
presented in Fig. 8. It was found that the maximum ampli-
tudes of vibration displacements were reduced in the X
direction, and strengthened in the Y direction.

The vibration displacement signals were analyzed by
calculating the damping coefficient. The results of the ana-
lyzes regarding the maximum values of vibration accelera-
tion are presented in Table 10, and the results of calcula-
tions regarding vibration damping in the energy sense,
based on the values of effective vibration velocities, are
presented in Table 11.

Table 10. The list of damping coefficients of vibration displacement signal
parameters regarding maximum values

Vibration displacement damping [-]
n [rpm] X axis Y axis
700 1.67 0.75
900 1.49 0.63
1000 1.40 0.81
1100 1.71 0.71
1200 1.62 0.66
1300 1.90 0.55
1400 1.58 0.56

Table 11. The summary of the results of attenuation of vibration displace-
ment signal parameters in terms of energy (for the RMS estimator)

Vibration displacement damping [-]
n [rpm] X axis Y axis
700 1.34 0.69
900 1.25 0.61
1000 1.13 0.69
1100 1.31 0.57
1200 1.30 0.66
1300 1.65 0.59
1400 1.83 0.53

Based on the analysis of the damping coefficients listed
in Table 10 and Table 11, it was found that for all engine
operation settings during the tests, the vibration displace-

a)

Engine X, 700 RPM
Engine X, 1100 RPM
®—— Engine X, 1400 RPM
[m/s"2]

10

8

6
4
2

0 2k 4k ek 8 10k
[Hz]

ment signals were damped in the X direction and strength-
ened in the Y direction.

6.2. Frequency analysis
Since the broadband analysis was not clear, a frequency

analysis was performed to explain the discrepancies be-

tween the results of the calculated damping coefficients for
accelerations, velocities and vibration displacements, espe-
cially in the Y direction.

Figure 9 shows the amplitude spectra of the vibration
acceleration signals recorded at different rotational speed
settings of the propeller shaft. It was found that for the
presented engine operation settings, the spectra are of
a similar nature, i.e. they differ in amplitudes for similar
frequencies. With this in mind, the rest of the article pre-
sents the analysis results for measurements at a propeller
shaft rotation speed of 700 rpm.

Figure 10a,c,e compares the spectra of accelerations, ve-
locities and vibration displacements in the entire recorded
frequency band (for the engine and the stand frame in the X
direction), while Fig. 10b,d,f shows a comparison of spectra
for the same conditions only in the 4—-200 Hz band, which
corresponds to the first five rotational harmonics of the
engine crankshaft.

The analysis of the results presented in Fig. 10 allows
for the following conclusions to be drawn regarding the
effectiveness of vibration isolation in the X direction in the
case of:

— vibration acceleration, and damping occur in most of the
frequency range except for the following bands: 65-75
Hz, 145-200 Hz, 270-720 Hz, 1200-2000 Hz. The
greatest attenuation occurs at higher frequencies above
2 kHz
vibration speeds, the amplification occurs only in the
band: 65-75 Hz

— vibration displacements, and damping occur for the
entire range of analyzed frequencies.

A comparison of the spectra of accelerations, velocities
and vibration displacements in the entire recorded frequen-
cy band (for the engine and the stand frame in the Y direc-
tion) is shown in Fig. 11a,c,e, while Fig. 11b,d,f shows
a comparison of spectra for the same conditions only in the
4-200 Hz band, which corresponds to the first five rota-
tional harmonics of the engine crankshaft.

b)

Stand X, 700 RPM
Stand X, 1100 RPM
®—— Stand X, 1400 RPM
[m/s~2]

5

= N W D

0 2k 4k 6k 8k 10k
[Hz]

Fig. 9. The amplitude spectra of vibration accelerations at different shaft rotational speed settings recorded on: a) the engine, b) the frame of a test stand
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Fig. 10. The spectra of signals in the X direction: a, c, €) accelerations, velocities and vibration displacements in the entire recorded frequency band and b,
d, f) accelerations, velocities and vibration displacements in the 4—200 Hz band (m — mil, u — micro)

Based on the analysis results presented in Fig. 11, the
following conclusions were made regarding the effective-
ness of vibration isolation in the Y direction in the case of:
— vibration accelerations, the damping occurs at frequen-
cies above 500 Hz, while the vibration amplification is
observed at frequencies lower than 500 Hz
vibration velocities, the damping and amplification
occur in the same frequency ranges as in the case of vi-
bration accelerations
vibration displacements, the amplification occurs for the
entire range of analyzed frequencies.

Conclusions

The presented work is based on empirical research car-
ried out by its authors within the study of the effectiveness
of mounting the aircraft piston combustion engine on a test
stand.

The analysis of damping effectiveness carried out in the
amplitude domain using dimensional point measures such

as peak value and RMS, based on the determination of the
damping coefficient for the X and Y directions and various
engine rotation speeds, confirmed the damping effective-
ness in the case of vibration accelerations for both recorded
directions of the measurement signal. In the case of vibra-
tion speed only in the X direction, reductions in the peak
vibration amplitude and their RMS values were observed. A
similar situation occurred for vibration displacements.
Hence, the analysis was supplemented with those carried
out in the frequency domain.

In the case of the frequency domain assessments, the ef-
fectiveness of vibration isolation for vibration acceleration
in the X direction was proved in most of the frequency
range (except 65-75 Hz, 145-200 Hz, 270-720 Hz,
1200-2000 Hz). The greatest vibration decrease occurred at
frequencies above 2 kHz. In the case of vibration speeds,
the amplification occurs only in the band 65-75 Hz, and for
vibration displacements damping occurs for the entire range
of analyzed frequencies.
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Fig. 11. The spectra of signals in the Y direction: a, c, €) accelerations, velocities and vibration displacements in the entire recorded frequency band and b,
d, f) accelerations, velocities and vibration displacements in the 4-200 Hz band (m — mil, u — micro)

In the case of vibration accelerations in the Y direction,
the damping occurs at frequencies above 500 Hz, while the
vibration amplification is observed at frequencies lower
than 500 Hz. The same situation occurred in the case of
vibration velocities. The amplification occurs for the entire
range of analyzed frequencies for vibration displacements.

Acknowledgements

This work was partly supported by Polish Ministry of
Education and Science fund for Statutory Activities of: the
Institute of Combustion Engines and Powertrains, PUT
(PL) 0415/SBAD/0342, and the Institute of Transport, PUT
(PL) 0416/SBAD/0005.

Nomenclature

ap vibration accelerations obtained from the transduc-  a,mame  Vibration accelerations in X direction at the engine

er placed at the engine block frame

ay vibration accelerations obtained from the trans-  aysme Vibration accelerations in Y direction at the engine
ducer placed at the engine frame frame

axplock  Vibration accelerations in X direction at the engine  a,+.me  Vibration accelerations in Z direction at the engine
block frame

ayplock  Vibration accelerations in Y direction at the engine  CCLD constant current line drive
block Ew efficiency of force vibration isolation

azpiock  Vibration accelerations in Z direction at the engine  E, efficiency of displacement vibration isolation
block Fq value of the force from the source of excitation

Ge stream mass of fuel consumption
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IC internal combustion u micro
m mil U voltage
M, torque w displacement for a system with a vibration isolator
n rotation speed measured after the reducer (after passing through the vibration isolator)
Ne engine crankshaft speed w° displacement for a system without a vibration
P power isolator
Po ambient pressure z displacement for a system without a vibration
R force transferred to the frame structure for the sys- isolator
tem with a vibroisolator (value after passing o susceptibility matrix for a system with vibration
through the isolator) isolation
R force transmitted to the supporting structure for the  ¢° susceptibility matrix for a system without vibration
system without a vibration isolator isolation
RMS  root mean square B machine susceptibility
SD secure digital ) S susceptibility of the frame structure
TEDS trans:ducer electronic datasheet v vibration isolator susceptibility
t, ambient temperature
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