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Abstract: The paper aims to analyze the vibrations of a summing box, used in heavy vehicles. An
experimental setup is proposed and used for the analysis of these vibrations transmitted by the box
housing, based on the measurement of the mechanical impedance. It is then shown that a simpler
measurement, namely that of the generated noise spectrum, can provide equally useful results, with
less effort and in a shorter time. The experimental setup is much simpler, involving a sonometer
arranged in the experimental assembly. The symmetry of the box allows us to facilitate the execution
of the experimental assembly, and the use of the symmetrical structure to facilitate the calculation
of vibrations. The results obtained using this method in the case of a redesigned adder box are
presented in the paper.

Keywords: adder box; heavy truck; transmission; noise reduction

1. Introduction

In the construction of trucks, regardless of their destination, in addition to the con-
structive, functional and reliability parameters necessary for a truck, the level of noise
produced and its influence on the operation and reliability of the vehicle but especially on
the environment must be taken into account. The identification of noise-generating sources
depends on the complexity and specificity of the source, and is conducted by the appropri-
ate methodology, which is based on a combination of analytical calculations of dominant
frequencies with the results of experimental measurements (identification of maximum
measured spectra). The quality of identifying and diagnosing noise sources increases with
the improvement of the measurement technique, and especially of the processing of the
measured quantities but also of the calculation models used. The noise level is an essential
parameter in assessing the quality of vehicles. The main noise sources of the vehicle can be
classified into:

â Internal sources: the internal combustion engine, operation of the auxiliary systems
of the power group (cooling, intake, exhaust), the transmission units (gearbox, PTO
shaft, differential mechanism).

â External sources, induced by the macro and micro road profile, stiffness of the tread,
aerodynamic forces, vibration of the cab, body and side walls of the platform.

The attenuation of the noise generated by the adder box must take into account:

(1) Noise attenuation by influencing the generation mechanism.
(2) Reduction of noise transmission.
(3) Reduction of acoustic radiation by acoustic absorption.

From the point of view of the generating mechanisms, the noise sources of the adder
box can be grouped into two main components.
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â Noise generated by the box itself (noise due to gears and bearings when transmitting
torque).

â Noise radiated by the surfaces of the adder box housing.
â Noise radiated from the surfaces of all accessories mounted on the box; noise that is

generated by the vibration of their structures transmitted by the box, as well as by
their operation.

Research has been done and is being done on the attenuation of the noise generated
by the adder box, due to the gears, bearings and frictions between the mechanisms inside
the box. In this paper, we refer to ways and procedures to reduce noise produced by
the housing structure (structural noise), but there are no multiple reduction possibilities,
especially for large components. The main reason is economic and technological because
the reduction of structural noise is achieved by stiffening. This leads to additional costs for
materials and changes in manufacturing and assembly technology.

An objective assumed by the designer is the constructive improvement of the structure
of the adder box, so that it reduces the vibrations of the external surfaces with as little
constructive and technological changes as possible and at minimal costs.

For the vehicle on which this adder box is mounted, there is a major desideratum:
reducing the weight as much as possible, and therefore the weight of the box, without
increasing its noise level.

Figure 1 shows the special heavy vehicle, fully equipped to be used for oil exploitation,
which also includes the summing and distribution box CSD 4000, the object of this work.
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Figure 1. Special vehicle for oil exploitation.

Figure 2 summarizes the causes and possible sources of structural noise produced in
the adder box.

Mechanical transmissions, similar to any other aggregate of vehicles, produce air noise
perceived by the human factor as often annoying, which is noise produced by the structures
of the aggregates and the functionality of the components in rotation, friction or vibration.
The noise radiated by the mechanical transmissions (gearboxes, distribution, connecting
elements, drive shafts or final transmissions) is influenced by the judicious choice of
parameters and basic design characteristics imposed by considerations of performance,
power, weight and reliability. A proper choice of these alternatives, right from the design
phase, can reduce both noise and improve the performance of components and the vehicle
as a whole.
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The adder box is a mechanical construction and part of the transmission of heavy
trucks which sums up the power of the two heat engines and then distributes it to the
drive axles. This adder box will ensure the movement of the vehicle on the ground, during
transport or the operation of a wide range of work units that are mounted on the chassis.
In our case, these aggregates will drill and extract oil. The power developed by the two
engines, and which is transmitted through the adder box is, in our case, 40,000 Nm.

Figure 1 shows such a vehicle, equipped to be used for drilling operations. Based on
the research, an improved version will be proposed, which will then be studied in parallel
with the old version. We propose that the new version reduces the structural noise of the
adder box.

The main problem that occurs in the operation of heavy vehicle transmissions is the
vibrations that occur and are transmitted outside [1–3]. The reduction of these vibrations
and as a consequence of the noises produced by such an installation, represents a major
objective of the car manufacturers. Vibrations also lead to overloads and malfunctions of the
transmission assembly, which can lead to wasted time with repairs and decommissioning
of vehicles. Vibration analysis of such a structure and monitoring of operation can lead
to the early detection of defects and deviations from normal operation. If you study a
gearbox, it is found that vibrations caused by two types of excitation sources are important.
First of all is the internal excitation, due to the gears and the transmission of the moments
through them, and secondly the external excitation, due to the active moments produced
by the motors. The paper [4] presents a model that studies these types of vibrations, in
high-speed trains, where multibody mechanical systems are used.

Such a model may take into account the elastic deformation of the wheel set and
the gearbox housing. The software used was MATLAB/Simulink. The theoretical results
obtained were verified experimentally. The gearbox of a heavy truck is a massive aggregate,
important both for the operation of the truck but also in terms of the price of this unit. At
the same time, there are some important factors for such a vehicle, such as comfort and
durability, which are determined by the vibration of the transmission. In [5], the study was
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dedicated to improving the design of a planetary gearbox by reducing its weight, but at
the same time having a good behavior in terms of vibration and overload.

In [6] a gearbox was analyzed, and interesting solutions were proposed to control the
transmission of power flow and a calculation method was presented to provide predictable
results. Experimental results demonstrated the validity of the presented dynamic model.
Vibration was one of the main causes of gearbox noise [7]. As a result, there have been
numerous works that have analyzed the vibrations produced, both from an experimental
point of view and from a theoretical point of view. The models proposed in these papers
were verified by experiments [8,9]. A series of papers [10–13] developed useful models
tested experimentally.

The use of the established method of modal analysis is presented in [14–17]. A method
of analysis, which uses active control systems, is presented in [18–20]. Although sustained
research is being done to attenuate the noise due to the vibrations that appear in the
transmission, the possibilities of reduction are minimal. The reduction of structural noise
can be achieved, in most cases, by stiffening (adding masses), which leads to increased
costs for materials and changes in manufacturing and assembly technologies. Therefore,
other solutions are needed to improve the adder box structure, with minimal constructive
and technological changes and at a minimum financial cost.

The structural analysis is performed with the finite element method, accompanied
by the experimental determination of the characteristics of the housing material and its
resistance limit. The proposed experimental method, applied in the research of the adder
box housing can also be used to study other components or structures of the vehicle that
are sources of noise. The method can therefore be used to study the auxiliary systems of
the power group (gearbox, gears, cardan shaft and differential mechanism), the various
housings, chassis, cab, body and side walls of the platform. Thus, it proves to be useful
and with a wide field of applicability. The symmetry of the box allows us to facilitate the
execution of the experimental setup and the use of the symmetrical structure to facilitate
the calculation of vibrations.

The changes made to the adder box structure CSD 4000 are presented. Following the
analysis of the experimentally obtained results, comparative tests on the two variants of the
box (modified versus initial) were conducted in order to have an experimental validation.
The main objectives of the paper are:

â To analyze of the problem of noise generation, transmission and attenuation in the
housing structure of heavy trucks;

â To analyze of the causes and noise sources of adder gearboxes;
â To conduct experimental measurements of the basic parameters of the vibration of the

housing structure of the adder box (resonant frequencies, mechanical impedances);
â To analyze of the results of the experimental determinations and presentation of the

solutions for modifying the housing of the adder box;
â To compare experimental determinations made by stand testing the adder box in the

existing case and the adder box in the modified case.

2. Noise Transmission in the Housing Structure of the Adder Box
2.1. Primary Calculus Model

The adder box has a structure that can be divided into two basic parts:

(1) The moving part, which includes the gears, shafts, bearings, the differential as a
whole, the oil pump, the drive pumps, other units on the chassis and the control
levers;

(2) The fixed part, comprising housing, bearing covers, lubrication and cooling system
pipes, filter, measuring devices, other attachments.

In all mechanical transmission units, the gear wheels represent the strongest excitation.
To date, researchers’ attention has been focused on obtaining gears that meet modern
design, execution and assembly criteria in terms of generating and transmitting airborne
and/or structural noise.
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Reductions in mechanical excitation, from the point of view of acoustic optimization,
are possible, but due to considerable costs and for technical and manufacturing reasons,
they can only be made up to a certain limit.

So, a reduction in mechanical excitation is limited for technical and economic reasons.
However, it becomes particularly important to improve the structure of the adder box,
especially the housing, so that it has as little vibration as possible on the outer surfaces, thus
obtaining a significant attenuation of the structural noise. A vibration analysis involves
establishing the following system properties:

• Eigenfrequencies ωn;
• Configuration of normal vibration modes Djn;
• Damping of different modes of vibration;
• Mass distribution mj.

The characteristic properties of the vibration eigenmodes can be determined experi-
mentally or analytically. In the case of free vibration, if the external forces are zero and the
damping is neglected, the equation of motion becomes:

mj
..
xj + ∑

k
k jkxk = 0. (1)

The solutions of Equation (1) are of the form:

xj = Dj sin(ωt + φ ). (2)

By replacing the expression (2) in (1) we obtain the equation:

mj ω2 Dj = ∑
k

KjkDk, (3)

which represents a system of n algebraic equations with n unknown (eigenmodes). The
solution of the system for values of D other than zero is obtained by canceling the determi-
nant: ∣∣∣∣∣∣∣∣∣∣

m1ω2 − K11 − K12 . . − K1n
− K21 m2ω2 − K22 . . .

. . . . .

. . . . .
− Kn1 . . . mnω2 − Knn

∣∣∣∣∣∣∣∣∣∣
= 0. (4)

The number of degrees of freedom of a physical system is equal to the number of
its eigenfrequencies. Thus, a system with distributed parameters has an infinite number
of eigenfrequencies. At some point, such a system will vibrate, usually with appreciable
amplitude, only at a limited number of frequencies, often at one. Each natural frequency
will correspond to a form of vibration, called the normal or eigenmode of vibration. Any
possible free vibration of any linear system can be formed by vibrations in superimposed
eigenmodes at the corresponding eigenfrequencies. At some point in the system, the
resulting motion will be the sum of the motions due to the vibrations of the component
modes. Thus, a mechanical system that vibrates freely with only one of its eigenfrequencies
has a distribution of amplitudes called its eigenmode of vibration, which is defined by a
string of values, Djn, (solutions (2)) that satisfy the Equation (3) when ω = ωn:

ω2
n mj Djn = ∑

k
Kjn Dkn. (5)

In the vast majority of cases, the damping that occurs in elastic systems is of a viscous
(or fluid) nature, i.e., the damping forces (moments) are proportional to the relative speed.
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The energy dissipated by damping is proportional to the disturbing frequency. How-
ever, in many mechanical systems, damping is frequency independent. For a more correct
representation of the structural damping, the following expression was introduced:

k · g = c, (6)

wherein g = 2·ς·ω
ωn

, ς = c
cc

and cc = 2
√

m · k = 2 ·m ·ωn, c is the damping coefficient,
cc is the critical damping coefficient and ς represents the fraction of the critical damping.

Thus, the damping force is equal to the viscous force at the respective frequency,
depending on the value of g, and is independent of frequency.

The graphic between the damping force and the displacement is that of an ellipse, and
the displacement response is given by the relation:

x
F0/k

= Rg sin (ωt − φ) =
sin (ωt − φ)√

(1 − ω2/ω2
n)

2 + g2
, (7)

wherein Rg is the amplification factor at resonance Rg = 1/g.

2.2. Mechanical Impedance

Mechanical impedance is a measure of the response of a mechanical system following
the action of a sinusoidal excitation force [21]. The mechanical impedance is equal to the
ratio between the excitation force acting on a system and the velocity of a point of the
system, having a unit of measure Ns/m.

If force and velocity are measured at the same point, the impedance is called point
impedance and describes the ability of the structure to resist or absorb a vibration, and if the
structure response is measured at a different point as the excitation point, the impedance is
called the transfer impedance and describes the ability of the structure to transmit or isolate
a vibration. From the definition of impedance, it appears that in order to be able to be set
in motion, a system (structure) or a mechanical element with a high impedance requires a
high force, while in the case of a low impedance, in order to acquire a certain movement,
the system needs a little force. Methods based on the use of mechanical impedance allow
the determination of forces and motions in one or more points of a system of particular
interest, without studying the whole system.

The mechanical impedance Z is expressed by the relation:

Z =
F
v

(8)

wherein F is the applied force and v the resulting velocity in the direction of the force.

2.3. Accoustic Intensity

Acoustic intensity I represents the continuous flow of power eliminated by an acoustic
wave through the surface unit at a point in space and is expressed in W/m2. This size
is important for two reasons. First, a point in the free space can express the total power
radiated into the air by an acoustic source, and second, it provides an expression for
determining the sound pressure.

The acoustic intensity at a point is a vector in the sense that the position of the plane of
the surface unit may vary between a position perpendicular to the direction of propagation
of the acoustic wave and a parallel position. It has the maximum value Imax when this
plane is perpendicular to the direction of propagation and the value zero when the plane is
parallel.
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In a space where there are no reflective surfaces, at any point and for any type of
propagation (plane, spherical, cylindrical, etc.) of the wave, the sound pressure is expressed
as a function of the maximum intensity Imax by the relation:

p2
rms = Imax · ρ · c (9)

where prms is the mean square root (MSR) of the sound pressure, in N/m2 or Pa, ρ represents
the density of air, in kg/m3 and c is the speed of sound in air, in m/s and which represents
the connection between the pressure and acoustic intensity.

The acoustic power Ws represents the total power radiated by an acoustic source in
the environment and is expressed in W. For a spherical acoustic source (with nondirectional
radiation), the measured acoustic intensities (maximum) at all points of an imaginary
spherical surface located in the acoustic center are equal. The mathematical relationship is:

Ws = 4π · r2 · Is(r)[W] (10)

wherein, Is(r) is the maximum sound intensity at the distance r, in W(ωn), Ws represents
the total sound power radiated from the source, in W or W(ω) and r is the distance to the
acoustic center of the source, in m.

The acoustic spectrum represents the dependence of the amplitude of an acoustic
quantity of frequency. An acoustic wave can be a pure tone (a single frequency, for example
1000 Hz), a combination of harmonically composed frequencies or a combination of non-
harmonically composed frequencies, each in a finite or infinite number. A combination of a
finite number of tones forms a spectral line and a combination of an infinite (large) number
of tones forms a continuous spectrum. The continuous spectrum of a noise in which the
amplitudes over time are in a normal (Gaussian) distribution is called random noise.

There are four types of sound pressure spectra: (a) harmonic spectral line; (b) non-
harmonic spectral line; (c) continuous spectrum; (d) complex spectrum. A combination of
a spectral line and a continuous spectrum forms a complex spectrum.

A continuous spectrum can be represented by a large number of pure tones between
two limit frequencies. Because the human ear perceives a wide range of frequencies and
does not have the same sensitivity for all frequencies, the continuous acoustic spectrum is
usually measured in a series of adjacent frequency bands using an acoustic analyzer.

Usually, the width of the frequency band used is 1/3 octave and 1 octave. If the width
of the filter band is 1 Hz, the graph of the sound pressure in SMR values (square mean
roots), thus filtered of a continuous acoustic spectrum in frequency, is called the power
spectral density. The square mean root of the sound pressure can be determined for each of
the adjacent frequency bands and the result can be viewed graphically by frequency.

2.4. Generation and Transmission of Structural Noise

Impedance Z characterizes the resistance of the mechanical structure to the excitation
of an oscillating force acting at the excitation point. Impedance is called point impedance
if the area through which the force excites the structure is less than 1/6 of the relevant
wavelength (bending or shear wave).

An easy way to make changes to the excitation point impedance of a real structure
is to add masses to the structure. The local application of a mass and/or the increase in
the rigidity will determine a displacement of one or more eigenfrequencies towards the
range of low frequencies and a possible reduction in the specific noise sources. The use of
additional damping can have a similar effect but mainly leads to reduced resonance peaks.
In the field of multiple resonances, adding masses or increasing the stiffness of specific
components is very effective. For example, the addition of a mass on the surface of the
structure leads to the displacement of the first eigenfrequency of the structure towards low
frequencies and consequently to the reduction in the level of surface velocity in the range
of resonant frequencies. Increasing the rigidity of the structure is effective in the field of
multiple resonances, only in the case of excitation by force and without effect in the case of



Symmetry 2021, 13, 2165 8 of 29

excitation by speed. Table 1 summarizes the noise control measures for the three response
domains obtained by changing the excitation point impedance.

Table 1. The noise control measures for the three response domains.

Excitation Type Quasistatic Resonant Multiresonant

Excitation by force Masses are added
Add rigidity

Add masses
Add rigidity
Add damping

Add masses
Add rigidity
Add damping

Excitation through
speed

An elastic spring is
inserted and masses
are added or rigidity
is added to the
structure

An elastic spring is
inserted and masses
are added or rigidity
is added to the
structure

An elastic spring is
inserted and masses
are added or rigidity
is added to the
structure

The construction of a gearbox, distribution or summation in this case is conceived and
designed primarily for the transmission of torque.

The forces in the gears inside the housing act on the outer housing, and, through the shafts
and bearings, produce bending forces that are felt by the housing. Therefore, the housing of
the box will vibrate in response to its applied internal forces, and these structural vibrations
will be transmitted through the structure to its outer surfaces and attached components, thus
generating structural noise, and, of course, airborne noise. Although the vibrations are of very
small amplitudes, they will produce very large increases in the noise level.

The transmission of vibrations produced in the structure is done mainly from the
inside, i.e., from the engagement of the gears through the bearings of the shafts to the outer
surfaces of the housing.

So, the structural vibrations are generated inside the box and are transmitted to
the outer surfaces, with the vibratory properties of the load-bearing components being
decisive in transmitting these vibrations. The resulting noise will depend on the vibration
properties of the parts that make up the housing structure (gears, shafts, large cover,
bearing caps, pumps and controls) as well as their individual acoustic radiation coefficient.
Theoretically, the transmission of structural vibrations can be controlled by changing the
natural frequencies and by increasing the damping.

The characteristics of structural vibrations are defined by the type and value of their
eigenfrequencies, as well as by the damping factor. The coefficient of acoustic radiation
depends on the length of the bending wave and the size of the radiating surface.

The study of the distribution of the structural noise on the surface of the box housing
is particularly useful in the design of structural measures. The highest vibrations occur in
the power take-off area, between the bearings of the main shaft and bearings placed on
the front surface of the box, but especially in the bearing placed on the rear surface of the
box. The result is typical of many types of gearboxes: the area of the highly demanded
bearings is placed at a relatively large distance from the gearbox mounts on the chassis. In
this situation, the amplitude of the vibrations is higher than in other areas, and the bending
of the surface contributes strongly to the radiation of the noise.

Viewed in a unitary way, the construction of the adder box consists of a housing
divided into compartments. The upper part of the housing is closed by the large cover,
which is relatively rigid, and the lower part is closed by full sheet metal welding where we
have the differential and the oil bath. Furthermore, in the upper, middle and lower parts
on the housing there are the covers that support the gears. Thus, the surfaces of the box as
well as the large cover, which, although having a relatively large thickness, have a reduced
rigidity due to the presence of large holes through which the shafts with assembled gears
must pass during assembly.

The term structural noise describes the noise generated by the vibrations inside the
solid structures that are manifested in the acoustic frequency range. This noise is radiated
by the outer surfaces of the structures, resulting in radiated airborne noise. In order to
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evaluate the noise radiated by the housing structure based on the appreciation of the
vibrations of its external surfaces, it is necessary to know the connection between the
vibration of the surfaces of the structure and the aerial noise radiated by them.

To characterize the connection between vibrations in the range of acoustic frequencies
of a structure (structural noise) and radiated airborne noise (radiated acoustic power) of
that surface in the environment, the notion of acoustic radiation coefficient σ is used.

By definition, the coefficient of acoustic radiation is:

σ =
Wr

W0
. (11)

In the practical measurements, the value of the sound pressure level Lpr resulting from
the radiated acoustic power is of interest:

Lpr = Lv +

[
10 · log

(
S

1 m2

)
+ 10 · log(σ)

]
[dB] (12)

where
→
L v is the average level of speed, the upper bar symbolizing the mediation, in dB, S

represents the analyzed surface, in m2, 1 m2 is the reference surface and σ is the coefficient
of acoustic radiation. The coefficient of acoustic radiation σ is mainly dependent on the
shape and amplitude of the vibration. The amplitude of the vibration in turn depend on the
shape of the surface and the place where the disturbing excitation is applied. In different
frequency bands, the acoustic radiation is generally different. The coefficient of acoustic
radiation σ shows an increase at high frequencies and a decrease at low frequencies.

2.5. Eigenfrequencies of the Old Version of the Adder Box

In the case of the adder and distribution box housing, with the ABAQUS program,
105 eigenfrequencies have been determined in the frequency range 100–2000 Hz. In Table 2
are listed some eigenvibration modes, where in the first column the vibration modes are
specified and in the second column the corresponding eigenfrequencies.

Table 2. Calculated eigenfrequencies.

FREQUENCY DOMAINS [Hz]

100–500 500–1000 1000–1500 1500–2000

Nr. of.
Eigen-Mode

Eigen-
Frequency

[Hz]

Nr. of.
Eigen-Mode

Eigen-
Frequency

[Hz]

Nr. of.
Eigen-Mode

Eigen-
Frequency

[Hz]

Nr. of.
Eigen-Mode

Eigen-
Frequency

[Hz]

1 135 14 611 39 1019 76 1525

3 249 18 653 42 1063 79 1607
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6 361 22 778 48 1150 85 1701

7 380 24 800 52 1200 88 1737
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3. Results in the Generation, Transmission and Reduction of Noise
3.1. Experimental Research Program on the Housing Adder Box

In order to improve the design of the adder box by structural measures, it is absolutely
necessary to establish the criteria by which one is be able to predict, from the design phase,
the vibration characteristics and the noise level radiated by the individual box structures,
especially the housing structure (Figure 3).
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In the following is presented an experimental, efficient, useful and fast method for
determining the noise radiated by the housing surfaces. The experimental results obtained
constitute major information necessary to determine the characteristics of structural noise
transmission in the housing.

The results obtained from the experiments performed on a housing from the composi-
tion and distribution box CSD 4000 are presented.

The box is intended for drilling chassis equipped with two CATERPILAR engine
groups and an ALLISON automatic gearbox. The main technical characteristics of the
adder box are:

- Maximum input moment: 2 × 2000 daNm;
- Maximum input speed: 2100 rpm;
- Transmission ratio to shaft B: 1.275;
- Transmission ratio to shaft C: 1.4;
- Transmission ratio to shaft E: 1.1;
- Own mass: approx. 1650 kg.

The experiments were performed on the housing of the old version adder box.
The program of experimental research on the case of the adder box is presented in the

block diagram from Figure 4.
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The experimental research program consisted of:

(1) Experimental analysis of the vibration behavior of the structure of the adder box. The
mechanical impedances corresponding to the resonant frequencies was determined;

(2) Measurement and experimental analysis of the noise radiated by the housing surfaces.

3.2. Measurement and Experimental Analysis of the Noise Radiated by the Surfaces of the Adder
Box Housing

To perform the experiments, the housing structure of the adder and distribution
box was brought into a state of simulated vibration. Furthermore, because the housing
structure is much more rigid when bending in the vertical plane (parallel to the front
and rear surfaces of the housing) than in the horizontal plane, the bending waves in the
horizontal plane being the main causes of structural noise transmission, housing excitation
was performed horizontally using an electrodynamic exciter.

The adder and distribution box is mounted on the chassis by means of screw supports,
their rigidity being very high (the rubber used has high rigidity). To simulate these
conditions, the analyzed housing was mounted with its mounting brackets, which are fixed
on two brackets mounted on the laboratory platform, brackets that practically simulate the
vehicle chassis.
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The experimental analysis of the vibration behavior of the box housing structure was
performed by bringing it into a simulated vibration state in the frequency range 30 Hz ÷
2000 Hz.

In the experimental analysis of the vibration behavior of the box housing structure, the
technique of measuring the point mechanical impedance was used, using an impedance
transducer. The technique of measuring mechanical impedance was used in order to obtain
complete data on the vibration behavior of a mechanical structure. The biggest advantage of
the method based on the use of mechanical impedance in solving vibration problems is that
it allows the determination of forces and displacements in one or two points of a mechanical
structure without the need for a complete study of the entire structure. By measuring the
point mechanical impedance, the ability of a structure to withstand resistance or to absorb
a vibration can be determined.

The main condition is that the excitation force varies sinusoidally because the mechan-
ical impedance is defined only for forces and velocities with sinusoidal variation.

The experimental analysis of the vibration behavior of the box housing structure
using the technique of measuring the point mechanical impedance, the measurement and
analysis installation is presented in Figure 5.
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The vibration of the box housing structure is taken over by the acceleration transducer,
which it transforms into an electrical signal proportional to the acceleration.

The acceleration signal
→
a is integrated with the help of the integrating amplifier

to obtain a signal proportional to the speed
→
v , which is then applied to the excitation

signal generating equipment thus obtaining a “feedback” type adjustment. So, the signal
generator will control the action of the exciter in order to maintain a constant speed at the
excitation point.

Calibration of the vibration measuring system was performed with an accuracy of
±5%. The force signal F was amplified and then applied to the input of the FFT (fast
Fourier transform) frequency analyzer. Since the speed signal is kept constant, the force
signal will be directly proportional to the numerical value of the mechanical impedance
→
Zm: ∣∣∣∣ →Zm

∣∣∣∣ =

∣∣∣∣ →F ∣∣∣∣∣∣∣ →v ∣∣∣ = k ·
∣∣∣∣ →F ∣∣∣∣, (13)

where k = 1∣∣∣ →v ∣∣∣ = const., so that the power spectral density of the point mechanical

impedance will be obtained at the FFT frequency analyzer.
Excitation force had the following parameters:

• Signal shape: sinusoidal;
• Constant speed: vex = 4.10−3 m/s;
• Exponential back and forth variation of the excitation signal frequency with the speed

of 1 oct/min, in two domains: 30 Hz ÷ 500 Hz with the resolution: 1.25 Hz; 300 Hz ÷
2000 Hz with the resolution: 5 Hz.

The linearly mediated power spectral densities of the three points of the mechanical
impedance on the front surface of the housing and on the rear surface of the housing
(considered in normal chassis mounting) were determined experimentally. The points were
chosen in the area of the two inputs in the box and in the area of the power take-off. The
coordinates of the measuring points, expressed in mm, on the two surfaces of the housing
in the coordinate system (Figure 6) considered for normal mounting on the chassis are
presented in Table 3.
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Table 3. Coordinates of measuring points 1–6 (x, z).

Front Surface of the Housing

Frequency Range Point 1 Point 2 Point 3

30 Hz ÷ 500 Hz (500, 1200) (1200, 1200) (850, 600)

300 Hz ÷ 2000 Hz (500, 1200) (1200, 1200) (850, 600)

Rear Surface of the Housing

Frequency Range Point 4 Point 5 Point 6

30 Hz ÷ 500 Hz (1200, 1200) (500, 1200) (850, 600)

300 Hz ÷ 2000 Hz (1200, 1200) (500, 1200) (850, 600)

It is important to note that, unlike analyses that use the values of accelerations mea-
sured in the narrow band of frequencies where the eigenfrequencies are represented by
“peaks” (maximum), in the spectrum of point mechanical impedance, the resonances ap-
pear as “valleys” (minimum). The accuracy of linearly mediated power spectral density
records (2048 mediations) is 1.1% or 0.1 dB.

The spectra of the point mechanical impedances Zm(f), expressed in kNS/m and
obtained following the mediation of the recordings obtained in the six measurement points
corresponding to the two frequency domains, are presented in Figures 7 and 8 for the front
surface of the housing and in Figures 9 and 10 for the rear surface of the housing.

The analysis of the obtained results were determined experimentally from the main
eigenfrequencies and the corresponding values of the mechanical impedances of the box
structure of the adder box for the two analyzed surfaces. The results are presented in
Table 4.
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Table 4. Eigenfrequencies and mechanical impedance values.

Frequency Range
Front Surface of the Housing Rear Surface of the Housing

Eigenfrequency [Hz] Mechanical Impedance
[kN·s/m] Eigenfrequency [Hz] Mechanical Impedance

[kN·s/m]

30 Hz ÷ 500 Hz

230 96.5 200 11.5

300 100 225 13.2

320 110 235 12.9

395 60.5 280 14

400 105 300 12.5

500 75.5 330 15.5

395 14.5

410 25.5

435 27

495 28.8

500 Hz ÷2000 Hz

590 53 580 11.5

660 38.5 640 10.5

720 37.5 850 10.2

765 33 1000 8.5

1010 13.5 1125 6

1070 23 1200 6.5

1145 17.5 1300 5.2

1200 16 1340 5

1300 15 1490 3.5

1345 14.5 1550 3.7

1500 11.5 1610 2.9

1525 10.5 1900 1.7
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It was found that the eigenfrequencies of the structure of the adder box are approxi-
mately in the range of 250 Hz ÷ 2000 Hz, with a dominant frequency of 395 Hz for both
the front and the back housing surface of the adder and distribution box.

3.3. Measurement and Experimental Analysis of the Noise Radiated by the Surfaces of the Adder
Box Housing

The measurement of the radiated noise (sound pressure level) of the adder box hous-
ing surfaces was performed by bringing it to a state of simulated vibration in the frequency
range 30 Hz ÷ 2000 Hz. For the measurement sound pressure level radiated, the mea-
surement and analysis installation is presented in Figure 11. The experimental setup is
presented in Figure 12.
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surfaces.

In the experiment, because the value of the measured sound pressure level was not
very important and only the qualitative aspect of the measurement being important, the
shape of the obtained spectrum, the simplest measurement method was used. This was
imposed by the objective conditions of the experiment, namely the method for measuring
the sound pressure level at a distance of 1 m, which is used if the space conditions or the
high interferences of the noise level force us to perform the measurements in the vicinity of
the object to be measured.

The housing of the adder box was applied with an excitation force applied in the
center of the face opposite to that in which the radiated noise is measured, having the
following parameters:

• Signal shape: rectangular;
• Constant speed: vex = 4.10−3 m/s (rms value);
• Exponential back and forth variation of the excitation signal frequency with the speed

of 1 oct/min, in two domains: 30 Hz ÷ 500 Hz with the resolution: 1.25 Hz; 500 Hz ÷
2000 Hz with the resolution: 5 Hz.

The measurement and analysis of the radiated sound pressure level was performed
in real time simultaneously with the frequency variation. The microphone was placed at
a distance of 1 m, perpendicular to the analyzed face, opposite to the one to which the
excitation force was applied.

The recordings of the linear average power spectral densities of the sound pressure
Wp(f) obtained at the FFT frequency analyzer, expressed in logarithmic scale in dB, cor-
responding to the two frequency domains, are presented in the Figures 13 and 14 for the
front surface and Figures 15 and 16 for the back surface.

For the analysis of the correlation between the vibrations of the box housing structure
and the noise radiated by its surfaces, as well as for the particularization of the resonant fre-
quencies corresponding to the maximum radiated noise, the values of resonant frequencies
determined by vibration analysis were compared with the values of frequencies radiated
by the respective surfaces.

The calculation ratio of the sound pressure level spectrum Lp(f) used by the sound
pressure level measuring equipment is:

Lp( f ) = 20 · log
[

p( f )
U0

]
+ 110 [dB] (14)
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where Lp(f) is the sound pressure level spectrum, in dB, p(f) is the sound pressure spectrum,
in volts and U0 = 1 V is the reference voltage.

Figures 13–16 show the spectra of the measured sound pressure levels Lp(f) expressed
in dB, corresponding to the two frequency ranges.
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3.4. Comparison of the Values of the Resonant Frequencies Obtained Measuring the Mechanical
Impedance with the Values of the Sound Pressure Level

Table 5 presents a comparison of the values of the resonant frequencies determined
by measuring the mechanical impedance with the values of the frequencies at which the
maximum sound pressure level appear.

Table 5. Comparison of the values of the determined eigenfrequencies.

Front Surface of the Housing Back Surface of the Housing

Determined Frequencies

Differenece

Determined Frequencies

DiffereneceMechanical
Impedance

Acoustic
Pressure

Mechanical
Impedance

Acoustic
Pressure

[Hz] [Hz] [%] [Hz] [Hz] [%]

395 391.5 0.89 300 300 0

400 402.5 −0.62 395 388 1.8

500 499 0.2 410 411.5 −0.36

590 600 −1.66 435 431 0.92

660 650 1.54 495 497.5 −0.5

720 710 1.4 580 600 −3.33

1010 1010 0 850 875 −2.85

1070 1065 0.46 1000 1010 −0.99

1200 1205 −0.41 1125 1160 −3.02

1300 1295 0.38 1300 1298 0.15

1345 1345 0.00 1340 1345 −0.37

1525 1530 −0.33 1550 1530 1.30

1610 1600 0.62 1610 1615 −0.3

1900 1885 0.79

Following the analysis of the obtained results, the following statements can be made:

(1) There is a good correlation between the values of eigenfrequencies determined by
vibration analysis using the technique of measuring mechanical impedance and the
values of eigenfrequencies at which maximum levels of sound pressure radiated by
the surfaces of the adder box occur.

(2) From the comparison of the values of the eigenfrequencies included in Table 2 (deter-
mined by measuring the mechanical impedance) with the values of the eigenfrequen-
cies included in Table 4 (at which there are maxima of accoustic pressure radiated), it
can be observed that more frequencies appear in Table 2. So, eigenfrequencies can be
divided into two categories:

• Those that generate maximums of radiated noise (included in Table 4);
• Those that do not generate maximums of radiated noise, as follows.

For the front surface of the box: 230 Hz; 300 Hz; 320 Hz; 765 Hz; 1145 Hz; 1500 Hz.
For the back surface of the box: 200 Hz; 225 Hz; 235 Hz; 280 Hz; 330 Hz; 640 Hz;

1490 Hz; 2000 Hz. From the analysis of the results obtained after performing the presented
experiments, the following can be summarized:
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(a) Analysis of the vibration behavior of the housing structure of the summing box (mechanical
impedance).

(1) Experimental analysis of vibrations by the method of measuring mechanical
impedance has proven to be particularly effective and easy to achieve.

(2) This method allows the analysis of vibration behavior only in a few points of
the box housing structure without the need to study the entire structure, the
power spectral densities measured on the entire analyzed surface having close
values and configurations, which leads to the simplification of the experiment
and shortening of analysis time.

(3) The structure of the analyzed box housing presents resonant frequencies ap-
proximately in the range of 390 Hz ÷ 2000 Hz with a dominant frequency of
395 Hz, Figures 7–10 and Table 2.

(b) Experimental determination of noise.

(1) A very good correlation was found between the values of the eigenfrequencies
determined by vibration analysis using the impedance measurement technique
mechanical, and the values of the frequencies at which maximum pressure lev-
els appear radiated by the surface of the carcass analyzed, with the maximum
deviation from the last frequency being 1.8%, Table 5.

(2) Eigenfrequencies of the analyzed box housing can be divided into two cate-
gories:

* Those that generate maximums of radiated noise;
* Those that do not generate maximums of radiated noise.

(3) The fact that there are two distinct categories of resonance vibration modes
is a particularly important advantage in terms of the possibility of reducing
the running time of acoustic optimization programs. The identification of
these vibration modes will be sufficiet to take into account only the frequencies
corresponding to the important noise levels, which will lead to a considerable
decrease in working time and cost.

3.5. New Design Solutions for the Adder Box Housing

The obtained results highlight the important structural deficiencies of the adder box
housing analyzed, especially for the rear surface of the housing in the area of the large cap
mounted by screws. As a consequence of these observations, we can be propose a new
design solution for the adder box housing. In order to stiffen the housing of the adder box,
the following constructive changes are proposed:

• Removal of the large cap mounted by screws;
• Replacing the cover with a welded housing plate;
• Inserting inside the housing and mounting by welding two tie rods (reinforcement)

between the front surface and the rear surface of the housing in the area of the power
take-off;

• Mounting by welding inside, on the side surfaces, front and back, six reinforcing ribs
(three on the left and three on the right);

• Cutting and making three manhole covers at the top of the casing necessary for
mounting the gears and the wheelhouse of the adder box.

Figure 17 shows a stage in the construction of the new housing.
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4. Discussions

Section 3 presented the experiments performed on the CSD 4000 adder box housing
made in the version with a screw-assembled cap (old version). Based on the analysis of
the results of the experiments and the conclusions obtained in operation, the design and
realization of an improved housing variant was performed. In this section, we will present
comparative experiments of sound pressure, performed on the two adder boxes that we
will call below: the old adder box, for the box equipped with the existing housing; and
the new adder box, for the box equipped with the improved housing. We mention that
the comparative experiments on the two adder boxes were performed under the same test
conditions. Measurements of the radiated noise of the box were made one meter away
from the four sides of the box.

The measurement and experimental analysis of the radiated noise (sound pressure
level) from the surfaces of the adder boxes on the old version and new version (Figure 18)
were performed during the running program (without load) on the stand. In the experiment,
as the value of the measured sound pressure level is not very important and only the
qualitative aspect of the measurement is important, the shape of the obtained spectrum, the
simplest measurement method was used. This was imposed by the objective conditions of
the experiment, namely the method for measuring the sound pressure level at a distance of
1 m, which is used if the space conditions or the high interferences of the noise level force
us to perform the measurements in the vicinity of the object to be measured (Figure 19).

Figure 20 shows an example of measuring noise at a distance of 1 m from the side
surface of the box.

The aim of the experiment was to conduct a comparison between the radiated noise
in the case of the old version of the adder box and the new version. The measurement and
analysis of the radiated sound pressure level was performed in real time for four speed
regimes. The microphone was placed at a distance of 1 m from each surface of the box
and at a height of 1.2 m. Recordings of the power spectral densities of the sound pressure
Wp(f) were obtained and recorded by the sonometer for 1 min, processed and expressed in
logarithmic scale in dB. The pressure level is presented in the Figure 21.
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The new constructive solutions adopted led to the following results:

* By removing the large cover assembled by screws, inserting the tie rods and reinforc-
ing plates inside the housing, the new variant of the housing structure was stiffened,
a proposed objective for reducing the structural noise of the housing;

* The vibration level of the structure and implicitly of the adder box as a whole was
reduced;

* The noise produced by the adder box in the new version decreased, on average, by
10–15% compared to the noise produced by the adder box in the old version;

* A constancy was obtained within limits (70–75 dB) of the noise level produced by the
new version adder box compared to the old version adder box;

* A simplification of the manufacturing technology was obtained and implicitly a
reduction in the labor and of the assembly time of the adder box;

* A reduction in the mass of the adder box was obtained with the new variant by
approximately 5% in this phase.

It can be stated that by applying the experimental method presented in the process of
optimizing the housing of the adder box by structural measures, the following findings
were obtained:

â There is the possibility to determine without difficulty and with sufficient precision
the resonance frequencies corresponding to the important vibration modes generating
structural noise radiated by the chassis surfaces;

â Resonant frequencies and maximums of the radiated noise spectrum can be predicted
from the design stage with a maximum accuracy of only a few dB.

â Although the application of this experimental method does not require special con-
ditions, and the measurement and analysis equipment does not imply a special
complexity, it still provides the necessary accuracy required by the structural acoustic
optimization.



Symmetry 2021, 13, 2165 26 of 29
Symmetry 2021, 13, x FOR PEER REVIEW 25 of 28 
 

 

  
(a) 

  
(b) 

  
(c) 

Figure 21. Cont.



Symmetry 2021, 13, 2165 27 of 29
Symmetry 2021, 13, x FOR PEER REVIEW 26 of 28 
 

 

  
(d) 

Figure 21. Sound pressure level spectra Lp (front surface of the box). (a) 500 rot/min; (b) 1000 rot/min; (c) 1500 

rot/min; (d) 2000 rot/min. 

The new constructive solutions adopted led to the following results: 

* By removing the large cover assembled by screws, inserting the tie rods and 

reinforcing plates inside the housing, the new variant of the housing structure was 

stiffened, a proposed objective for reducing the structural noise of the housing; 

* The vibration level of the structure and implicitly of the adder box as a whole was 

reduced; 

* The noise produced by the adder box in the new version decreased, on average, by 

10–15% compared to the noise produced by the adder box in the old version; 

* A constancy was obtained within limits (70–75 dB) of the noise level produced by 

the new version adder box compared to the old version adder box; 

* A simplification of the manufacturing technology was obtained and implicitly a 

reduction in the labor and of the assembly time of the adder box; 

* A reduction in the mass of the adder box was obtained with the new variant by 

approximately 5% in this phase. 

It can be stated that by applying the experimental method presented in the process 

of optimizing the housing of the adder box by structural measures, the following findings 

were obtained: 

 There is the possibility to determine without difficulty and with sufficient precision 

the resonance frequencies corresponding to the important vibration modes 

generating structural noise radiated by the chassis surfaces; 

 Resonant frequencies and maximums of the radiated noise spectrum can be 

predicted from the design stage with a maximum accuracy of only a few dB. 

 Although the application of this experimental method does not require special 

conditions, and the measurement and analysis equipment does not imply a special 

complexity, it still provides the necessary accuracy required by the structural 

acoustic optimization. 

5. Conclusions 

The vehicle is a complex mechanical system that, during operation, generates a wide 

spectrum of vibrations. Much of their energy is radiated outward in the form of sound 

waves (noise). The problem of reducing the noise generated by vehicles is an objective of 

great interest in the world of designers and manufacturers, seen in terms of reducing 

noise pollution and increasing the reliability of vehicles. The reduction in the structural 

Figure 21. Sound pressure level spectra Lp (front surface of the box). (a) 500 rot/min; (b) 1000 rot/min; (c) 1500 rot/min;
(d) 2000 rot/min.

5. Conclusions

The vehicle is a complex mechanical system that, during operation, generates a wide
spectrum of vibrations. Much of their energy is radiated outward in the form of sound
waves (noise). The problem of reducing the noise generated by vehicles is an objective of
great interest in the world of designers and manufacturers, seen in terms of reducing noise
pollution and increasing the reliability of vehicles. The reduction in the structural noise of
the components creates not only the reduction in the air noise but also the increase in the
reliability, with defects such as cracks, deformations, misalignments, etc. being diminished
or even eliminated.

The experimental evaluation of the radiated noise presents a major importance, on the
one hand both in the appreciation of the noise sources, but also in the appreciation of the
factors that, from the design phase, can be chosen in order to attenuate the housing noise.

Determination by calculation of structural and radiated noise is extremely difficult,
being possible only for sources with simple geometric shapes. For this reason, in the paper,
experimental determinations were made, followed by the comparison of the obtained
results.

Solutions for stiffening the housing structure were proposed, resulting in a reduction
in its structural noise. The design and construction of the housing in the improved ver-
sion required the validation of the constructive solution. Thus, comparative tests were
performed on the test stand for both housing variants (existing and improved). The test
results showed that by stiffening the box housing, the vibration level was reduced, and,
implicitly, the structural noise of the summing box housing was reduced.

The group of authors, in an effort to analyze a new variant of adder box compared
to the old version, found that the costs required to perform vibration measurements
were significantly higher than in the case of direct noise measurement. Furthermore, the
measurements in the second case were much simpler and much faster. Consequently,
we believe that a noise analysis can give a correct and low-cost picture of the vibration
behavior of such a structure.

As a result of the research, the paper presents an improved design of an adder box,
which carries a lower weight and at the same time ensures a lower noise level. If an
extension of the results obtained to other types of vehicles is desired, this must be completed
with care because the structures of the different vehicles can be very different. As a result,
the generation and transmission of vibrations can be very different. However, the methods
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used can be used to study gearboxes, adder boxes or distribution boxes with similar
properties.
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Nomenclature

prms Sound pressure
Imax Maximum intensity
ωn Eigenfrequencies
Djn Configuration of normal vibration modes
c Damping coefficient
cc Critical damping coefficient
ς Fraction of the critical damping
Rg Amplification factor
Ws Acoustic power
Z Mechanical impedance
Lpr Sound pressure level
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