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Abstract. The present paper discusses results of simulation tests conducted using an identified
dynamic model of a laboratory station with gear transmissions. The dynamic forces found to be
acting in bearing assemblies were assumed as input functions for the purposes of studies of the
numerical housing models developed. Using fine-tuned modal housing models in the analysis of
the design solutions applied allowed for choosing appropriate arrangement of the transmission
ribbing. By analyzing the shape of the ribbing layout envisaged as well as its structural
characteristics (height and width of ribs), one could choose a housing of reduced vibroactivity and
mass.
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1. Introduction

Basic noise-related health and safety requirements for machine engineering have imposed a
specific requirement that the noise emitted by machinery must already be decreased on the
designing stage. In line with the foregoing, a machine should be designed in a manner ensuring
that the hazards due to noise emission are minimised, bearing in mind the state of the art and the
available methods and means. What proves to be particularly important in this respect is the
minimisation of power of vibroacoustic signal sources. Housings of machines, besides ensuring
appropriately compact structure, strength and rigidity, should also provide for sufficient vibration
damping. All material engineering and design related efforts which improve the aforementioned
properties of housings are beneficial from the perspective of the noise emitted by machines.

While components of power transmission systems for machines are being designed, some of
the goals pursued are minimisation of the vibrations they generate and reduction of their mass. In
order to design an appropriate power transmission system or its components, characterised by
reduced mass and vibroactivity, a multitude of factors must be taken into consideration. On
account of the costs related to testing of real objects, active experiments are very often substituted
by simulation studies conducted using dedicated software, based on suitable models. The
foregoing enables a comprehensive analysis of the research assumptions adopted, and it is
economically sound by limiting the scope of the necessary experimental tests to the required
minimum.

Vibroactivity of gear transmissions depends on the value of input functions primarily caused
by the meshing of gears and the resonance characteristics of the housing, bearing assemblies as
well as the gears themselves. The studies conducted to date imply that the main reason why the
transmission housing generates noise [1-3] is being excited to oscillate by shafts and bearings, and
not the impact of the acoustic pressure changes inside the transmission. The energy transferred by
shafts and bearing assemblies corresponds to 90 up to 95 % of the total vibration energy
transferred to the housing [4-6]. Vibrations and noise are also generated in gear transmissions
because of poor technical condition of the latter. The process of progressing wear of the
transmission components is accompanied by intensification of the said phenomena. The cause and
effect relationship between wear and vibrations as well as noise is the very foundation of
vibroacoustic diagnostics. Furthermore, defects of the aforementioned elements (e.g. rolling
bearings) also contribute to the generation of resonant vibrations of structural transmission
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components.

Under industrial conditions, gear transmissions generate very high levels of acoustic power
[2, 5]. It is caused by high values of power transferred by transmissions as well as characteristics
of the coefficient of efficiency of mechanical energy conversion into acoustic energy. Both the
bench tests and the industrial tests conducted to date have provided grounds for many methods
currently used for minimisation of vibroactivity in gear transmissions. Among them, one should
mention the application of the gear tooth profile modification, vibration damping elements or
active vibration reduction methods. In order to attain the same goal, one may also use gears
manufactured according to higher precision classes, skew bevel gears or high tooth gears, and
replace rolling bearings with slide bearings. The purpose of reduction of transmission vibroactivity
may also be pursued through minimisation of external input functions affecting transmissions in
the power transmission system, appropriate selection of its parameters as well as correct choice of
structural characteristics of its housing.

It is possible to significantly reduce noise emission from gear transmissions by minimising
vibrations in the meshing zone, decreasing efficiency of transmission of these vibrations and
reducing the emission level of housings [6]. Consequently, reduction of vibroacoustic activity of
gear transmissions requires a detailed analysis of the mechanism governing the generation of
dynamic forces in the meshing being the source of vibrations, transmission of these vibrations to
the emission point as well as various aspects related to sound emission through the housing [6].

Assuming that all input functions affecting the transmission may be substituted with a single
force exciting the sound emitting surface, then the transmission noise power spectrum [5] depends
on density of the surrounding medium p,,, sound velocity ¢ in the medium, mean square value of
vibration velocity of surface points, emission area S, exciting force spectrum, filtering
characteristics of the transmittance function and an experimentally determined coefficient of
emission, being characteristic of a specific transmission housing design solution 7,.. If one further
assumes that the exciting force spectrum and the filtering characteristics of the transmittance
function can be substituted with the vibration velocity spectrum, the acoustic power emitted by an
oscillating surface may be derived from dependence:

Ng = PoCVeSTr- )

Having analysed dependence (1), one may notice that in order to calculate the value of the
transmission’s acoustic power, one must first establish the mean square value of vibration velocity
of measurement points on its housing, assuming constant values of the remaining quantities. For
purposes of bench and simulation tests, the following dependence was assumed as the measure of
vibroactivity of housings:

n k
1 1
vhe == ;Zl(vi,-(ti))z , e
j=
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where: v;;(t) — vibration velocity of the jth measurement point at instant ¢;, n — the number of
samples measured during the analysis time, k — the number of measurement points.

Under the bench tests and the numerical studies conducted to determine the impact of selected
structural characteristics of ribbing of gear transmission housings on their vibroactivity, it was
assumed that reduction of the latter is only possible through an appropriate choice of structural
characteristics of the ribbing solution assumed for the gear transmission housing.

2. Tests validating numerical models of gear transmission housings

In the course of the bench tests discussed, three one-stage skew bevel gear transmissions were
used, differing in terms of the housing ribbing [5]. In terms of the design, the housings were
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divided in the plane of the gears’ axes and made of welded 6 mm thick steel plates (Fig. 1). The
first housing was made without additional ribbing (Fig. 1(a) — housing A), whereas another two
were modified by adding, respectively, two ribs parallel to the shaft axes (Fig. 1(b) — housing B)
and two ribs parallel as well as one rib perpendicular to the transmission shaft axes (Fig. 1(c) —
housing F ). The ribbed housings were manufactured assuming the following structural
characteristics of ribs: height h, = 30 mm, width b, = 10 mm.

b)
Fig. 1. Housing: a) non-ribbed, b) with two ribs parallel to shaft axes,
c¢) with two ribs parallel and one rib perpendicular to shaft axes [5]

Geometrical features of the geometrical models developed in the CAD environment
correspond to dimensions of the actual housings (Fig.2(a)). Based on three-dimensional
geometrical models of transmission housings, their numerical models were created (Fig. 2(b)).
These FEM models consist of ca. 29,000, 8-node solid elements. The largest dimension assumed,
i.e. the element length, came to 6 mm, which corresponded to the housing wall thickness. On
account of the material the actual housings were made of, the material assumed in the FEM models
was the S235JR steel (Table 1). The numerical models thus developed comprised no welded joints,
however, threaded joints for connecting the upper and the lower housing section were included.

a) Geometrical b) Numerical
Fig. 2. Sample geometrical model of a non-ribbed housing

Table 1. Properties of the steel S235JR
Tensile modulus (GPa) | 210
Shear modulus (GPa) 80
Poisson’s ratio 0,3
Density (kg/m?) 7850

The numerical simplifications assumed, connected with modelling of the actual housing
structure, for instance, those related to modelling of welded and threaded joints, had caused that
the results obtained from simulation calculations differed from the values established by
experimental means. Consequently, it was necessary to improve the compatibility between the
numerical housing model and the actual one. A numerical model is typically adjusted within the
range of several initial free vibration frequencies, this being caused by the difficulty to identify
higher free vibration frequencies and forms with regard to actual objects. Comparing the results
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obtained from numerical simulations and those of experimental measurements is the basic stage
in the process of adjusting mathematical models. Modifications introduced in the numerical model
based on such grounds make it possible to reassess the accuracy of the adjusted model and
recognise the dynamic responses of the structure identified by way of simulations as accurate
representations of the responses which would be measured if an actual object was studied.

In the process of identification of the above FEM models of housings A, B and F, experimental
modal analysis was applied [7, 8]. For this purpose, free vibration frequencies of the actual gear
transmission housings were measured [5, 9]. Maximum differences between the values of free
vibration frequencies of the housings tested and their numerical models came to 5.5 %. In further
steps of the analysis, a comparison between individual vibration forms of transmission housings
and their FEM models was conducted in resonant states, thus obtaining convergence of
displacements. What could also be verified was the compatibility between the FEM models of
transmission housings and the actual ones. For that purpose, the MAC coefficient (Modal
Assurance Criterion) was applied [8]. The MAC values obtained for the assumed transmission
housing design solutions, namely without ribbing and with ribbing partially removed, confirmed
the conformity between the FEM models developed and the actual objects.

In order to verify the adjusted FEM transmission housing models thus developed, additional
bench tests and numerical studies were conducted [10, 11] with the purpose of establishing
vibration velocity values at six measurement points arranged on the upper transmission housing
cover (Fig. 3).

For purposes of the experimental tests, a circulating power test rig illustrated in Fig. 4,
featuring gauges and recoding apparatus, was used. The transmissions subject to testing were
coupled with a closing transmission by means of a set of connecting shafts, a torsional shaft and
a tightening coupling used for loading. The closing transmission had been isolated from the
transmission subject to testing by installing dedicated acoustic screens of suitable design matching
the testing needs.

Normal velocities of the transmission housing vibrations were measured by a contact-free
method using the Ometron VH300+ laser vibration meter. The signals being measured were
recorded by means of the National Instrument NI 4472 data acquisition board and a laptop
featuring the LabView 8.6 software. The recorded vibroacoustic signals of vibration velocity were
analysed in the Matlab-Simulink environment. In the course of the bench tests, a series of
measurements was conducted on unit loads of Q, which respectively equalled: 1.23, 2.15, 3.02
and 4.09 MPa, and on two rates of the gear shaft rotation coming to n = 900 and 1,800 rpm. On
account of the considerable impact of oil temperature on vibration values, the measurements were
conducted under conditions of steady gear transmission oil temperature equalling 45+5°C.

a) Stationary study b) Simulation study
Fig. 3. Arrangement of points P1-P6 for vibration velocity measurements on the housing

The simulation studies for the chosen six measurement points (Fig. 3(b)) were conducted using
the adjusted FEM housing models. The simulation input data were spectra of the forces acting
inside bearings, established with reference to the identified dynamic gear transmission model
[12, 13], assuming the unit load value of Q = 2.5 MPa and two rates of rotation, i.e. n = 900 and
1,800 rpm.
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Fig. 4. Test stand with recording devices and measuring instruments [5, 10]

Fig. 5 illustrates changes to the values of the vibroactivity measure proposed (dependence 2)
for the housing design solutions analysed, as determined in experimental and numerical studies.
The conformity established between the results of bench tests and simulation studies of the three
gear transmission housing solutions confirmed the correctness of the FEM models previously
developed (Fig. 5).
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Fig. 5. Comparison of vibroactivity measure v2, established experimentally
and numerically for the housings examined

3. Simulation studies of vibroactivity of gear transmission housings

For purposes of the vibroactivity assessment conducted for different housing design solutions,
the assumed subject of analysis was the modification of only their upper covers. Based on the
distributions and velocities established for surface (upper housing cover) vibrations in the areas
of the highest vibration amplitude, an optimum ribbing arrangement was proposed, aimed at
reduction of values of the foregoing quantities.

The numerical models developed for the analysed transmission housing ribbing design
solutions have been characterised in Table 2. Using additional housing ribs and connecting pieces
in the design solutions proposed leads to a corresponding increase in mass of the models developed.
Fig. 6 illustrates percentage changes to the mass of the housings analysed compared to non-ribbed
housings (housing A).

For all the housing models prepared, simulation studies were conducted in order to determine
the influence exerted by the upper housing cover ribbing on the gear’s vibroactivity. On account
of the time demand of simulation calculations, certain simplifications were adopted in preliminary
studies, namely the input functions being assumed as unit pulses applied in bearing assemblies.
By means of the Femap software, one could determine the relevant vibration velocity values at
the selected six points of the housing covers (Fig. 3(b)). The computational values of measure 2,
(dependence 2) in the analysed range of frequency (up to 3.5 kHz) have been depicted in Fig. 7
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for all the housing ribbing solutions studied.

The values of measure v2, shown in Fig. 7 allow for making a choice of the most suitable
ribbing solution for a reduced vibroactivity housing, assuming the criterion of the housing mass
minimisation (Fig. 6). The largest reduction of the v2, value was obtained by simultaneously
adding two reinforcing ribs, both parallel and perpendicular to the shaft axes, along with
connecting pieces between them (housings H, I, J — line 3, Table 2). As for the housings featuring
two ribs parallel and three ribs perpendicular to the shaft axes (housings K, L and M — line 4,
Table 2), one may also observe a considerable decline in the value of v2,. However, as implied
by Fig. 6, adopting such ribbing design solutions for housings entails an increase in their mass by
ca. 11-16 %. And since a reduced vibroactivity housing solution was sought, it was assumed that
the housing mass should not increase by more than 10 % compared to non-ribbed housing.
Consequently, based on the results illustrated in Fig. 6 and 7, housings C and F advanced to further
analysis. The mass of housing C increased by 5 %, and it displayed the largest reduction of
measure 2, in the group composed of housings B, C and D. Housing F, on the other hand,
increased its mass by 8 % and displayed the largest reduction of measure v3, in the group
comprising housings E, F and G.

18

Changes in masses of the housings examined
in per cent with reference to a housing A

B Cc D E F G H I J K L M
Housing

Fig. 6. Changes in masses of the housings examined in per cent with reference to a non-ribbed housing
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Fig. 7. Values of measure 2, depending on the housing ribbing layout
in the frequency range envisaged, assuming one-time input in bearing assemblies

Having analysed the research results discussed in the literature [2-5] as well as those of the
author’s own studies, it was determined that vibroactivity of gear transmission housings was also
significantly affected by their structural characteristics (shape, height and width), besides the
correct arrangement of ribs. In an attempt to define the optimum shape of ribs for the chosen
housings, topology optimisation was applied [14, 15].

The purpose of the simulation calculations undertaken was to verify the possibility of
modifying structural characteristics (shape) of housing ribs, at the same time, accounting for the
criterion of minimisation of their mass (Maximize Stiffness&Reduce Volume). The calculations
were based on the assumption that the change in the housing volume (mass) must not exceed 10 %
(Percent Volume Reduct parameter). The only aspect analysed was the shape of upper covers of
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housings C and F. Therefore, the optimisation did not account for an option of changing the
number of ribs and their positioning. What was also assumed was the invariability of dimensions
of upper housing covers. Selected results obtained from the analysis, corresponding to successive
iteration stages for the upper covers of housings C and F, have been collated in Table 3. In order
to receive an accurate representation of the calculation results, Table 3 contains maps of upper
covers instead of entire housings. For the fifteenth iteration (last line in Table 3), the areas which
— as the analysis implies — may be removed or modified have been marked in purple colour. The
red color applies to areas that should not be modified.

Table 2. FEM models developed for the housing ribbing solutions subjected to preliminary studies
Housing A

Housing B Housing C Housing D

Having analysed the results compared in Table 3, one may claim that, in housing C, the
connecting piece between ribs may be removed, whereas the bottom housing flange and the shape
of ribs above bearings seats may be modified. The change assumed as the modification involved
removal of the rib connecting piece only. A housing thus obtained received the shape of housing
B which had previously been analysed. As for housing F, it was possible to modify the shape of
the rib perpendicular to the gear axes as well as the bottom housing flange and the shape of ribs
above bearings seats, whereas the only modification taken into consideration was the change of
shape of the rib perpendicular to the gear axes.
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Table 3. Results of calculations for housings C and F
Number of iterations Housing C Housing F

10

15

In housings C and F, the shape of ribs above the bearing seats was not modified, having
previously assumed that sufficient rigidity of bearing seats must be maintained at points subject
to the influence of input functions connected with the dynamic forces acting in bearing assemblies.
Also the shape of bottom housing flanges was not modified, since they were intended for mounting
of and coupling with the second part of the transmission housing.

Based on the analysis of the results thus obtained, new geometrical and numerical housing
models were developed (Fig. 8) based on the modification of the design solutions previously
assumed for the ribbing of housings C and F. The modified solutions of ribbing for housings C
and F were respectively designated as C 1 and F_1.

a) Housing C_1 b) Housing F 1
Fig. 8. Modified numerical models created

In the simulation studies verifying the preliminary results illustrated in Fig. 7 for housings C,
C 1, Fand F_1, the input data assumed were spectra of the forces acting in bearings, previously
determined using the identified dynamic gear transmission model. Moreover, normal values of
vibration velocity were established (n = 2279) at all points of the FEM models of upper housing
covers. The mechanism of vibration inducing assumed in the models corresponded to the
conditions typical of the actual transmission.
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Fig. 9 shows changes in the value of v2, in (dB) as compared with the housing prior to
modification (housing A) for the upper transmission housing cover design solutions chosen for
analysis, with the frequency ranging up to 3.5 kHz. Having analysed the results illustrated in
Fig. 9, it was determined that the modifications assumed for housings C 1 and F 1 triggered
changes in the value of v2, comparable to those of housings C and F, while at the same time, their
mass dropped owing to the ribbing modification.

Housing C Housing C_1 Housing F Housing F_1

Reduce of vibrations - change v 2, (dB)

5
Fig. 9. Values of vibroactivity measure v2, depending on the housing layout assumed
with reference to housing A in the frequency range envisaged, expressed in dB

As a result of the foregoing, in subsequent tests conducted under the analysis of structural
characteristics of ribs (height and width), the modified housing ribbing solution (i.e. housings C 1
and F 1) was taken into consideration. Different rib heights (h,) and widths (b,) were assumed
for an identical thickness of the upper cover, i.e. 6 mm (g, = 6 mm). The calculations were
conducted having assumed relative values of height and width of ribs in reference to the upper
cover thickness within the range of h,/ g, from 1 to 5 and b,/ g,, for values 1, 4/3 and 5/3 (which
corresponded to rib widths of 6, 8 and 10 mm respectively). The input data were the spectra of the
forces acting inside bearings, established using the identified dynamic gear transmission model
assuming the unit load value of Q = 2.5 MPa and the rate of rotation of n = 900 rpm. Normal
values of vibration velocity were established at all points of the FEM models of upper housing
covers, which corresponded to the actual transmission conditions. Changes in the value of v3, in
(dB) with reference to the non-ribbed housing (housing A) for the upper transmission housing
cover design solutions chosen for analysis, with the frequency ranging up to 3.5 kHz, have been
illustrated in Fig. 10.

Having analysed the calculation results provided in Fig. 10, one will find a considerable impact
of the analysed structural ribbing characteristics (height and width) on the values of v2,.
Increasing the value of height and width of ribs against the thickness of the upper cover of the
housings tested leads to sufficient reduction in vibrations compared to the non-ribbed housing. As
for housing C 1, these changes range from —0.4 (dB) to —4 (dB), whereas for housing F_1 from
—0.6 (dB) to —3.5 (dB). The results of simulation studies shown in Fig. 10 are consistent with the
results of bench tests and industrial tests [5, 9]. Based on the results obtained and illustrated in
Fig. 10, one can reasonable assume appropriate values for the structural characteristics of ribs
enabling reduction of the housing vibroactivity and mass depending on the design solutions
envisaged.

Based on results of the aforementioned bench tests and simulation studies, a method of
computer-aided selection of design solutions was proposed with regard to the ribbing of gear
transmission housings of reduced vibroactivity and mass (Fig. 11). The gear transmission
vibroactivity thus established, given by the value of the transmission vibroactivity measure
proposed (dependence 2), assuming the input functions identified in bearing assemblies and
following the choice of the FEM housing model, makes it possible to assess vibroactivity of gear
transmissions. Making a legitimate choice of structural characteristics of the transmission as well
as of the appropriate design solution for the ribbing for its housing, reinforced by minimisation of
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external loads in the power transmission system, one is able to make a choice of a design solution
in order to develop a gear transmission of reduced vibroactivity and mass.
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4. Conclusions

The results acquired from simulation and experimental studies imply the legitimacy of
application of the method proposed, comprising computer-aided selection of design parameters of
ribbing for gear transmission housings of reduced vibroactivity and mass (Fig. 11). The fact of
using original dynamic models and housings in the studies addressed in the paper makes it possible
to choose an appropriate design solution for a gear transmission of reduced vibroactivity and mass.

Using input data which determine the transmission parameters and external input functions,
one can make an appropriate selection of geometrical and technological properties of gears and
bearings. Analysing dynamic transmission loads by means of an identified and developed dynamic
gear transmission model provides grounds for choosing the optimum solution ensuring
minimisation of dynamic loads at the meshing and bearing assemblies of shafts. For purposes of
the analysis of the housing ribbing design solutions as well as the chosen FEM model of a reduced
vibroactivity housing, the dynamic forces determined to be acting in bearing assemblies were
assumed as the input functions.

While performing the analysis of the housing design solutions, it was proposed that both
experimental and theoretical modal analyses of a non-ribbed housing should be undertaken. Using
adjusted modal housing models made it possible to establish the correct layout of the additional
transmission ribbing. The grounds for the vibroactivity assessment of the design solutions
developed for the housings in question are provided by the analysis of distribution of normal
vibration velocities in computational nodes of their FEM models. The fact of assuming the
identified dynamic forces acting in bearing assemblies as the input functions for purposes of the
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analysis of the housing ribbing design solutions allows for making a choice of the ribbing layout
solution, bearing in mind the condition of the housing vibroactivity minimisation simultaneously
limiting the increase of its mass. By completing an analysis of the ribbing shape according to the
chosen solution, one is able to modify the ribbing with regard to the housing rigidity criterion,
additionally reducing its mass. By way of analysis of the housing ribbing structural characteristics
(i.e. height and width), accounting for the prerequisite of the housing vibroactivity minimisation
and simultaneous limitation of the increase of its mass, one can choose the FEM housing model
with actually reduced vibroactivity.

Input data I_ Non-ribbed 1

Transmission parameters: I transmission housing I
geomemcal parameters, mass,

> momegtsl of inertia, T.vorlcmanship < ¢ ¢ I

deviations, damping, other Experimental Theoretical ||

| External input functions | modal analvysis modal analysis N

v v

Adjusted FEM-based non-ribbed
transmission housing model

Dynamic gear
transmission model

| | I — |
I I Developing design solutions for the
+ | suitable ribbing layout assuming |
I I minimisation of the upper housing 4—I—
Dynamic forces I cover vibration veloeity
I at bearing assemblies | | |
| | X
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o me
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Fig. 11. Computer-aided engineering method proposed for designing
of gear transmission housings of reduced vibroactivity and mass
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