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1. Introduction

2. Literature review and problem statement

Axial fans are widely used both in industry and at
home [1]. The main source of vibration of such machines
is the usual and aerodynamic imbalances [2, 3]. There are
known ways to reduce these imbalances both in the manufac-
turing process of the fan [2, 3] and in the process of work — by
passive automatic balancers (ABs) [4-7].

The efficiency of the static and dynamic balancing of
the impeller of the axial fan VO 06-300 (Ukraine) with ball
ABs was studied in [7] on a test bench. The conducted tests
confirmed the effectiveness of the method but did not result
in establishing the maximum achievable accuracy of the rotor
balancing. This accuracy is affected by gravity, inaccuracy
in the manufacture of the raceway, standstill of the balls,
etc. [8—12]. The specific nature of field experiments does not
allow assessing this effect. Therefore, it is important to study
the process of automatic balancing in «ideal» conditions —
through 3D modelling [13].

It is shown in [2] that vibrations of axial fans are caused
by the usual (static and dynamic) imbalance of the rotating
parts of the fan and technological imbalance. Moreover,
technological imbalance can be caused by aerodynamic forces
arising from the asymmetry of the impellers. It is specified
in [3] that the greatest contribution to the vibration of
the considered fans is made by usual and aerodynamic im-
balances.

The accuracy of statistical balancing of the impeller with
an automatic balancer located in the fairing is studied expe-
rimentally in [4] with 3D modelling in [5]. The parameters
of the axial fan and two automatic balancers dynamically
balancing the impeller are optimized in [6]. 3D modelling
has been used in the computer-aided design (CAD) and com-
puter-aided engineering (CAE) program SolidWorks. In [7],
the process of static and dynamic balancing of the impeller
of an axial fan by automatic ball balancers is experimentally




studied along with the influence of the automatic balancers
on the dynamics of the fan in the sections of its acceleration
and rundown.

The accuracy of the impeller balancing by the automatic
balancers in the cruising range has been estimated. It has
been determined that the presence of automatic balancers
does not worsen the vibrational state of the fan in the ac-
celeration section and improves it in the sections of cruising
and rundown. It has been established that two automatic bal-
ances provide the best accuracy of balancing in the cruising
range. In this case, the accuracy of balancing is limited by
class G 6.3 of the international standard ISO 21940-11:2016
(Mechanical vibration — Rotor
balancing — Part 11: Procedures
and tolerances for rotors with ri-
gid behaviour).

The tests carried out in [6, 7]
do not determine to what limiting
values it is actually possible to
reduce the vibrations of the fan.

Residual vibrations are faci-
litated by insufficient or exces-

sive balancing capacity of auto-
matic balancers [8], gravity [9],
standstill of the balls due to dry
friction [10], eccentricity of the
raceway [11], external disturbing
forces of various nature [12], etc.

In the rotor with an inclined axis of rotation, the action
of gravity is unavoidable. The influence of other factors can
be minimized at the stages of manufacturing and installing
automatic balancers in the fan.

To establish the limiting values to which it is actually
possible to reduce the vibrations of the fan it is necessary
to carry out the experiments described in [7] under «ideal»
conditions. Such conditions are provided by using 3D CAD
modelling in SolidWorks with the Cosmos Motion mo-
dule [13].

3. The aim and objectives
of the study

The aim of the work is to carry out a computer study of
the process of dynamic balancing of the impellers of axial
fans of the series VO 06-300 (Ukraine) with automatic ball
balancers. This will allow evaluating the influence of gravity
and other factors on the accuracy of balancing the rotor.

To achieve this aim, it is necessary to solve such problems:

— to analyse the effect of auto-
matic balancers on the vibrational
state of the axial fan by 3D mo-
delling and to compare the simu-
lation results with the results of
the field experiment;

— to evaluate the influence of
gravity forces and viscous drag
forces on the motion of the balls
on the accuracy of balancing the
rotor;

—to assess the influence of
the eccentricity of the automatic
balancer raceway on the accuracy
of balancing the rotor.

4. Methods of studying the process of dynamic balancing
of the impeller of an axial fan with automatic ball
balancers

4. 1. Description of the 3D model of the axial fan and
the automatic ball balancers

For the experiments, a 3D model of the fan is used (Fig. 1),
as described in [6].

The model consists of a frame (Fig. 1, @), a protective
casing with the motor housing (Fig. 1, b); an impeller, a rotor,
and automatic balancer housings in an assembly (a composite
rotor, Fig. 1, ¢).

b

Fig. 1. The 3D model of the axial fan [6]:
a — the frame; b — the protective casing with the motor housing; ¢ — the rotor,
the impeller and the cases of the automatic balancers in an assembly (a composite rotor)

Parts of the 3D model: the protective casing with the mo-
tor housing — 12.2 kg; the composite rotor — 2.0 kg. The mass
values correspond to the test bench [7].

The value of the cruising speed of the impeller is indi-
cated in specific experiments.

By default, this speed is 25 r/s.

The protective casing is maintained by isotropic elastic
viscous bearings. The total stiffness and viscosity coefficients
of the bearings are chosen under the condition that the
resonance speeds of the impeller rotation on the test bench
and in the 3D model are the same. These speeds[7] are
ny1=8.4 Hz and ny, = 12.7 Hz. The selected coefficients are the
following: the rigidity forces of the supports — 29 N/mm; the
forces of viscous resistance of the supports — 0.06 N-s/mm;
the moment of rigidity of the supports — 11,500 N-mm/deg;
the moment of forces of viscous resistance of the supports —
1 N-s-mm/deg.

One automatic balancer is installed in the fairing of the
impeller, and the second is mounted on the rotor shank.
Each automatic balancer consists of a body (Fig. 2, a), a co-
ver (Fig. 2, b) and six identical balls (Fig. 2, ¢).

Fig. 2. Parts of the 3D model of automatic balancers:
a — the AB body; b — the cover; ¢ — a ball



The parameters of the automatic balancers corresponding
to the test bench [7] are the following:

n=6,m=693g, d=11.9 mm, D;, =68 mm, Dy =64 mm,

where 7 is the number of the balls; m (g) is the mass, d (mm)
is the diameter of the ball; D;,, and Dy, (mm) are the diame-
ters of the raceways of the automatic balancers.

Herewith, the balancing capacities of the automatic ba-
lancers on the side of the impeller and the shank are, respec-
tively, Smax im=878.6 g-mm and Sy 5, =776.4 g-mm.

The value of the coefficient of the viscous drag force for
the motion of the ball is indicated in specific experiments.
By default, this factor is 0.0001 N-s/mm.

The method for evaluating the vibrational state of the fan.

The vibrational state is estimated from the vibration
velocities measured in 3 control points (Fig. 3):

1 —on the axis of the rotor rotation in the correction
plane of the automatic balancer located on the impeller side;

2 —on the axis of the rotor rotation in the correction
plane of the automatic balancer located on the shank side;

3 — on the fan protective casing.

Fig. 3. Location of the control points for measuring vibration
velocities: 1 — on the impeller side; 2 — on the shank side;
3 — on the protective casing

The control points on the longitudinal axis of the rotor
move mainly in planes perpendicular to the longitudinal
axis (in the correction planes).

At point 1, the quality of balancing the composite rotor
is evaluated by the first automatic balancer; at point 2, it is
estimated by the second one. At point 3, the quality of the
dynamic balancing of the composite rotor is evaluated by two
automatic balancers. At this point, oscillations create imba-
lances both from the impeller side and from the shank side. The
vibration values are estimated in accordance with the recom-
mendations of the international standard ISO 21940-11:2016.

The vibration at the reference point is assessed as to

— the vibration velocity (the value of the vibration velo-
city module at time ¢); V,(¢), /j=12,3/;

— the mean square value of the vibration velocity for the
time interval T

1t .
V,=1/;£vj ()de, /j=1,23/; (1)

—the peak value of the vibration velocity in the time
interval [ty 2], ty > t1:

Vv

max j

=maxV,(¢), /j=123/. 2)

teltyty ]

The vibration velocity at the control point, with an
equal time step, is calculated by the internal means of the
COSMOS Motion module. The data are exported to an
Excel spreadsheet. The averaged and peak values are calcu-
lated in MS Excel.

The modelling of dynamic imbalance.

In the experiments, by default, dynamic imbalance is
created in each correction plane by two masses — mg=17.4 g
and my;=8g. The masses are located in these planes as
shown in Fig. 4.

Fig. 4. Simulation of imbalances in the correction planes:
a — the impeller; b — the shank

The distances from the masses to the longitudinal axis of
the fan are equal to R;, =43.0 mm and Ry,=38.5 mm. The mas-
ses are selected so that in the absence of automatic balancers
the vibration velocity at the control points on the steady-state
motion exceeds the maximum permissible value (6.3 mm/s)
at least 2.5 times. This corresponds to an increase in the ma-
ximum permissible imbalance of the impeller by at least one
class of balancing accuracy (ISO 21940-11:2016).

The values of the imbalances in the correction planes are
equal to [7]:

Sim=823.5 g mm and Sy,=737.3 ¢ mm.

Herewith,

S 1009 =323 1009%=94%.
878.6

maxim

i.mo%:%-wo%:%% 3)

maxsh

— the balancing tanks can hold at least 5 % and not more than
10 % of the maximum possible imbalances in their correction



planes. A small stock of balancing capacity minimizes the
residual imbalance caused by substandard performance of the
automatic balancers [8].

The test bench configurations are the following: 1 — with-
out automatic balancers; 2 — with automatic balancers. The
absence of automatic balancers is ensured by the absence of
balls in them.

4. 2. Description of the experiments

Each experiment lasts 38 seconds. During the experi-
ment, the impeller does the following: accelerates for 1's;
rotates at cruising speed for 12 s; stops at 25 s.

Based on the results of each experiment for control
points 1, 2, and 3, the corresponding vibration velocity dia-
grams are constructed.

To assess the vibrational state of the fan, the following sec-
tions are identified in the vibration velocity diagram (Fig. 5):

I — from the start of the rotor to the onset of automatic
balancing ¢ €[0, 3);

II — from the moment of the onset of automatic balancing
before the start of the deceleration of the rotor ¢ €3, 13);

IIT — from the beginning of the deceleration of the rotor
to the complete stopping ¢ €[13, 38].

racteristics obtained for the 2nd configuration of the bench
are compared with the characteristics obtained for the 1st
configuration adopted for the base configuration. The results
obtained are compared with the results of the corresponding
full-scale experiments obtained in [7].

Experiment 1. Evaluation of the effect of automatic ba-
lancers on the modes of acceleration and deceleration of the
rotor. The influence of automatic balancers is estimated from
the vibration characteristics of sections Ia, Ib, I, and III.

Experiment 2. Evaluation of the accuracy of balancing.
The accuracy of the balancing is assessed in section II (from
the moment of the onset of automatic balancing before the
start of the deceleration of the rotor).

Experiments 3. Evaluation of the influence of gravity on
the accuracy of balancing.

The influence of gravity on the accuracy of balancing
the rotor is estimated for the 2nd configuration of the test
bench (for balancing the composite rotor with two auto-
matic balancers). The vibrational characteristics of the fan
in section IT (on which the automatic balancing occurs)
are used. Simulation is performed twice — with «switched
on» and «off> gravity. Theoretically, with <off> gravity, the
two automatic balancers should completely eliminate the

vibrations at the control points.
Therefore, residual vibrations

A

140|V> mmis with «switched off»> gravity forces
characterize the error of 3D mo-
12014 1p | 11 delling. Residual vibrations with
100 «included» gravity forces charac-
0 terize the effect of gravity on the
accuracy of balancing (accurate

60 to 3D simulation errors).
40 Experiment 3. 1. 3D simulation
20 is performed for a fixed imba-
" t,s_ lance (my=17.4¢g and m;=8g)
01 3 13 38~ fordifferent cruising rotor speeds:

Fig. 5. Division of the vibration velocity diagram into sections (readings taken
at benchmark point 3 of the test bench without automatic balancers)

In turn, section I is divided into:

Ia — the segment of the acceleration of the rotor (from the
start of the rotor to the cruising speed) ¢ € [0, 1);

Ib — the section of unsteady cruising motion (automatic
balancing after the acceleration of the rotor) ¢ €[0, 3).

In the presence of automatic balancers, these sections
are real, and in the absence of automatic balancers, they are
conditional.

The vibrational state of the fan is estimated from the
vibration velocity diagram by the following characteristics:

— in sections Ia, Ib, and I — by the mean square value of
the vibration velocity;

— in section II — by the peak value of the vibration ve-
locity (the vibration velocity itself is a periodic or constant
time function);

—in section III — by the values of the vibration velocity
at peaks 1 and 2.

The first group of experiments repeats the actual expe-
riments carried out in [7] under «ideal» conditions. In these
experiments, the cruising speed of the rotor, like on the test
bench, is 25r/s. Gravity is «on». Experiments are carried
out for two test bench configurations — in the absence and
presence of automatic balancers. The results of 3D modelling
determine the vibration characteristics of the fan. The cha-

n=15, 25, 50 and 100 r/s. The
effect of gravity on the accuracy
of balancing the rotor at different
rotor speeds is estimated.

Experiment 3. 2. 3D simulation is performed at rotor
speeds of 15, 20 and 25 r/s for different imbalances, making
up 0, 25, 50 and 75 per cent of the imbalance created by the
masses of my =17.4 g and m; =8 g. The case «100 %» is co-
vered by experiment 3. 1. The influence of gravity on the
accuracy of balancing the rotor is estimated at various imba-
lances and at different rotor speeds.

Experiment 3. 3. 3D simulation is performed at a fixed rotor
speed of n=20r/s for various imbalances that make up 0, 25,
50, 75 and 100 per cent of the imbalance created by the masses
of mg=17.4g and my=8g. The coefficient of viscous drag
force of the ball changes: 0.0005 N-s/mm; 0.001 N-s/mm. The
case «0.0001 N-s/mm» is covered by experiments 3.1 and 3.2.

The influence of gravity on the accuracy of the balancing
of the rotor is evaluated for various imbalances in the rotor
and for various viscous drag forces for the motion of the ball.

Additionally, each experiment is described in the presen-
tation of its results.

4. 3. The method for assessing the effect of eccentricity
of automatic balancer raceways on the accuracy of balan-
cing the rotor

The effect of the eccentricity of the automatic balancer
raceways on the accuracy of the balancing of the composite



rotor is estimated. The utilized effect is that an automatic
balancer set with eccentricity e, /j = im, sk/ forces the com-
posite rotor to rotate around its centre [11]. This occurs with
a sufficient balancing capacity of the automatic balancer. In
this case, control points 1 and 2 on the longitudinal axis of
the rotor rotate around the corresponding centres of the
automatic balancers. The radii of rotation of points 1 and 2,
respectively, are equal to e;,, and eg. Therefore, the vibration
velocity at control points 1 and 2 after the onset of automatic
balancing is equal to:

Vi=eim2nn, Vo=eg-2nn. (4)
From (4), we find the maximum eccentricity of the raceway:

emax = ‘/max /(27571), (5)

where for the accuracy class of the balance G N, the maxi-
mum vibration velocity module is Vi, = N mm/s.

If the eccentricity of the raceway exceeds the maximum
value, the corresponding automatic balancer will create re-
sidual vibrations that exceed the permissible ones.

The maximum eccentricity of the raceway is determined
at the rotor speeds of n=15, 25, 50, 75, 100 r/s and the ba-
lance accuracy classes G 1, G 2.5, G 6.3, and G 16.

5. The results of studying the balancing of the impeller
of an axial fan with automatic ball balancers

5. 1. The influence of automatic balancers on the vi-
brational state of the rotary machine in the sections of
acceleration and rundown

Fig. 6 shows the vibration velocity diagram of control
point 3 of the test bench with automatic balancers. The
diagram for the remaining control points has a similar form.
From the form of the diagrams shown in Fig. 5, 6 it follows
that in the presence of automatic balancers there are general-
ly lower vibration velocities.

Since the simultaneous operation of two automatic balan-
cers is studied, then readings are taken only at control point 3.

Fig. 7 shows diagrams of the vibration velocities of
point 3 in the section from the start of the rotor to the onset
of automatic balancing.

The vibration velocities (Table 1) are evaluated sepa-
rately in each section of Ia, Ib and, in general, in segment I.
Table 1 shows by how much (in %) the mean square value of
the vibration velocity changes (the velocity of vibration of
configuration 2 is compared to 1).
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Fig. 7. Diagrams of the vibration velocities of point 3
in section |: @ — without automatic balancers;
b — with two automatic balancers

Table 1
Vibration characteristics of the fan
in sections la, Ib, and |
Section
Test bench con- la Ib 1 (Ta+Ib)

figuration V. | AV, | W, | AV, | W, | AV,
mm/s | % |mm/s| % |mm/s| %

1 — without ABs | 44.0 0 20.18 0 281 0

2 — with ABs —
the 3D model 5285 | 20 768 | —62 | 2272 | —-19
3 — with ABs —

- - - - - | 7

the test bench [7]

Table 1 shows that automatic balancers affect the vibra-
tional state of the fan in the following ways:

— worsen it in section Ia (acceleration);

— improve it in section Ib;

— improve it in the entire section 1.

At the same time, in «ideal» conditions, automatic ba-
lancers improve the vibrational state of the fan in section I
2.7 times better than under the conditions of the full-scale
experiment.

Below are fragments of the vibration velocity diagrams in
the rundown section:

— the vicinity of peak 1 (Fig. 8);

— the vicinity of peak 2 (Fig. 9).

The values of the vibration velocities at resonant peaks 1
and 2 are listed in Table 2. Therein, the values of the vibra-
tion velocities at peaks 1 and 2 are decreased by the per-
centage of automatic balancers.
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Fig. 6. A diagram of the vibration velocity of control point 3 of the tests bench
with two automatic balancers
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Fig. 8. Fragments of the vibration velocity diagrams in the
rundown section in the vicinity of peak 1 for the test bench:
a — without automatic balancers; b — with two automatic
balancers
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Fig. 9. Fragments of the vibration velocity diagrams in the
rundown section in the vicinity of peak 2 for the test bench:
a — without automatic balancers; b — with two automatic
balancers

Table 2

The values of the vibration velocities at resonance
peaks 1 and 2 in the rundown section

Table 4

Evaluation of accuracy of automatic balancing

Decrease of vibration velocities at the control

points, times
Test bench

configuration

Test bench [7] 3D model

1 2 3 1 2 3

2 — with ABs 5.4 3.5 5.7 114 75 74

Table 3 (checkpoint 3) shows that

—in the absence of automatic balancers, the vibra-
tion velocity exceeds the maximum permissible values of
6.3 mm/s (ISO 21940-11:2016) 2.7 times;

—in the presence of automatic balancers, the vibration
velocity is reduced at least 74 times in relation to the absence
of automatic balancers and 27 times with respect to the maxi-
mum permissible values.

With 3D modelling, the accuracy of balancing the rotor is
16 times higher than on the test bench.

5. 3. Evaluation of the influence of gravity on the accu-
racy of balancing the rotor
The results of experiment 3.1 are shown in Table 5.

Table 5
Results of experiment 3. 1 for mg;=17.4gand my;=8g

Vibration velocities in the control
points, mm/s

The rundown section ‘Rotatlonal
speed of the . . . .
. with gravity without gravity
Test bench con- peak 1 peak 2 impeller, /s
figuration 1 2 3 1 2 3
Vmax 3 AVmax 3 Vmax 3 AVmax 3
mm/s % mm/s % 15 036 | 052 | 0.65 | 0.01 | 001 | 001
1 — without ABs 34.89 0 23.69 0
20 0.23 0.29 0.47 0.01 0.01 0.02
2 — with ABs —
the 3D model 1351 ~61 12.87 46 25 0.4 | 022 | 023 | 002 | 0.02 | 003
3 —with ABs — _ 39 _ 30 50 009 | 043 | 014 | 0.04 | 0.03 | 0.05
the test bench [7]

Table 2 shows that automatic balancers improve the run-
down mode at both peak 1 and peak 2. At the same time, in
«ideal» conditions, the improvement is 1.5 times better than
under the conditions of the full-scale experiment.

3. 2. Evaluation of the accuracy of dynamic balancing
of the rotor by automatic balancers in the cruising range
The results of experiment 2 are listed in Table 3.

Table 3
Results of experiment 2

Peak values of vibration velocities

Test bench config- at the control points, Vi j, mm/s
uration
1 2 3
1 — without ABs 16.05 16.56 17.07
2 — with ABs 0.14 0.22 0.23

The vibration velocities (Table 4) are assessed in accor-
dance with the recommendations of ISO 21940-11:2016.

100 0.06 | 0.07 | 0.08 | 004 | 0.04 | 0.05

The residual vibration velocities, detected in the absence
of gravity, allow estimating the accuracy of 3D modelling.
The vibration velocities are calculated with an error of
0.01+0.05 mm/s. With an increase in the cruising speed of
the rotor rotation, the error in the calculations increases
somewhat.

Table 5 shows that in the range of the rotor speeds of
15+100 r/s:

— gravity strongly worsens the accuracy of balancing the
rotor at the lowest speeds of rotation;

— with increasing the rotor speed, the effect of gravity on
the accuracy of balancing quickly decreases;

— at the lowest rotational speeds of the rotor, the forces of
gravity limit the accuracy of balancing by class G 1.

The results of experiment 3. 2 are given in Table 6.

From Table 6 (and Table 5 at ® = 20 r/s), it can be seen
that the gravity most worsens the accuracy of balancing the
rotor in the absence or with small imbalance of the rotor.
When the rotor rotates in the speed range of 15+25 r/s, the
gravity of the rotor is limited by class G 1.



Table 6

Results of experiment 3. 2

Table 8

Maximum eccentricities of the raceways

Masses of imbalances Rotor speed, r/s

151 20 | 25 | 15 | 20 | 25

The highest instantaneous value
g % of the vibration velocity module
at control point 3, mm/s

with gravity without gravity
mg=13.05g,my=6g| 75 [ 0.32 ] 0.22 | 0.11 | 0.02 | 0.04 | 0.05
my=8.7¢g mg=4g | 50 |0.37 |0.30|0.26 | 0.02 | 0.04 | 0.05
mg=4.35g mg=2g | 25 | 0.68 | 0.55| 0.47 | 0.02 | 0.04 | 0.05
my=0g my=0g 0 |0.64]058|0.45]|0.02|0.04 |0.05

The results of experiment 3. 3 are given in Table 7.

Table 7
Results of experiment 3. 3

Coefficients of force of viscous resis-

Masses of imbalances
tance, N-s/mm

0.0005 | 0.0010 | 0.0005 | 0.0010

The highest instantaneous value

g % of the vibration velocity module
at control point 3, mm/s
with gravity without gravity
my=17.4g ms=8g [ 100 | 073 | 092 | 004 | 005
mg=13.05g my=6g| 75 0.28 0.47 0.04 0.05
my=8.78 my=4g 50 0.60 0.89 0.04 0.05
my=4.358 my=2g | 25 1.17 1.72 0.04 0.05
my=0g my=0g 0o | 058 | 061 | 004 | 005

Table 7 shows that the gravity forces most worsen the ac-
curacy of balancing the rotor in the case of imbalance, which
is 25 % of the balancing capacity of the automatic balancers.
Increasing the viscous resistance to ball motion worsens the
accuracy of balancing. When the rotor rotates at a speed of
20 r/s, the gravity of the rotor is limited by accuracy class
G 2.5 (residual vibrations lie in the range of 1.0+2.5 mm/s).
Obviously, the deterioration in the accuracy of balancing is
associated with the standstill of the balls. With large viscous
drag forces, the balls slowly drift to the automatic balancing
position.

5. 4. The effect of the eccentricity of the automatic
balancer raceway on the accuracy of balancing

By formula 5, we have found the maximum eccentricity
values of the raceway. The results of the calculations are
listed in Table 8.

Table 8 shows that fast-rotating rotors need automatic
balancers to be installed more accurately.

Rotational speed Cmax, T

of the impeller, r/s G1 G25 G63 G16
15 0.0106 0.027 0.067 0.170
20 0.008 0.020 0.05 0.127
25 0.0064 0.016 0.04 0.102
50 0.0032 0.008 0.02 0.051
75 0.0021 0.005 0.013 0.034
100 0.0016 0.004 0.01 0.025

It is recommended that the eccentricities of the tracks
should be less than 2.5 times the magnitude given in Table 8.
In this case, the residual vibrations of control points 1 and 2
that are caused only by the eccentricities of the raceways
will lie within the range of a higher class of balancing
accuracy.

For example, for accuracy class G 6,3, the residual vibra-
tions (only from the eccentricities of the raceways) will lie in
the range of 1+2.5 mm/s.

6. Discussion of the results
of the process of balancing a rotor
with the horizontal axis of rotation by automatic
ball balancers

An effective method for studying the vibrational state of
the fan with automatic balancers is 3D computer simulation
of the dynamics.

The analysis of the vibrational state of the fan in section I,
from the start of the rotor to the onset of automatic balanc-
ing, has shown that

a) in the acceleration section (section Ia, 0—1s), the
automatic balancers increase the mean square vibration ve-
locity by 20 %;

b) in the part of the cruising non-stationary motion (sec-
tion Ib, 1-35s), the automatic balances reduce the mean
square vibration velocity by 62 %;

¢) in the whole section I, the automatic balancers reduce
the vibration velocity by 19 %.

Under «ideal» conditions, automatic balancers can im-
prove the vibrational state of the fan in section I 2.7 times
better than in the conditions of the full-scale experiment.

The analysis of the vibrational state of the fan during
the rundown has shown that the automatic balancers reduce
the vibration velocity of the two peaks of the vibration ve-
locity diagram by 61 % and 46 %, respectively. The latter
is explained by the fact that during the rundown there is
a standstill of the balls and the balls remain in the balancing
positions almost to the stop of the rotor.

Under «ideal» conditions, automatic balancers improve
the rundown mode 1.5 times better than in the full-scale
experiment conditions.

In this part, the 3D computer simulation confirms the
results of the full-scale experiment described in [7].



With 3D modelling (in «ideal» conditions), the rotor’s
balancing accuracy is 16 times higher than on the field test
bench.

The effect of gravity on the accuracy of balancing the
rotor quickly decreases with increasing the cruising speed of
the impeller. The gravity forces most of all worsen the accu-
racy of the rotor balancing in the absence or low inertia of the
rotor. When the rotor rotates in a speed range of 15+25 r/s,
the gravity forces limit the accuracy of the rotor balancing
by accuracy class G 1 (residual vibrations lie in the range of
0.4+1.0 mm/s).

With increasing forces of viscous resistance to the motion
of the balls, the effect of gravity on the accuracy of the rotor
balancing increases. When the rotor rotates at a speed of
20 r/s, the gravity limits the accuracy of the rotor balancing
by accuracy class G 2.5 (residual vibrations lie in the range
of 1.0+2.5 mm/s). The deterioration of the balancing accu-
racy is due to the slowing of the reaction of the balls to the
disequilibrium. At high forces of viscous resistance, the balls
slowly drift to the automatic balancing position.

The residual vibration velocities caused by gravity
only decrease with increasing the speed of the rotor rota-
tion (with any forces of viscous resistance to the motion of
the balls).

On fast-rotating rotors, it is necessary to install automa-
tic balancers more accurately. Residual vibration velocities
that are caused only by eccentricities of the raceways in-
crease directly in proportion to the rotor speed.

The residual vibration of a fan balanced by two auto-
matic balancers, as in [7], is mainly caused not by gravity.
The probable causes of residual vibrations [8—12] are the
following: inaccuracy in the production of automatic balan-
cers; inaccuracy of installing the automatic balances on the
rotor; standstill of the balls on the raceway, ete. Vibrations
that are caused by these factors can be minimized at the stage
of manufacturing and assembling the fan and the automatic
balancers.

The obtained results can be applied to improve the vibra-
tion characteristics of fans of the series VO 06-300 (Ukraine)
during the manufacturing stage and to enhance the accuracy
of balancing the fan with automatic ball balancers.

The main limitation of the research is the possibility of
using the obtained results only for a certain series of fans.
However, it is offset by the fact that this series has a wide
range of sizes and the results obtained can be applied to any
of them. In the future, it is planned to develop a mathemati-
cal model for this type of rotary machine with two ABs and
conduct a computational experiment.

7. Conclusion

The research has been carried out for an axial fan of the
series VO 06-300 (Ukraine) with the nominal speed of the
impeller rotation of 25 r/s.

1. The computer simulation of the fan dynamics in the ab-
sence and presence of automatic balancers has confirmed the
qualitative results of a previous full-scale experiment. Thus,
the presence of automatic balancers reduces the following:

— the average quadratic value of the vibration velocity in
the section from the start of the rotor to the onset of auto-
matic balancing (19 % for the 3D modelling; 7 % for the field
experiment);

— the vibration velocity values at two peaks when the ro-
tor is running down (by 61 % and 46 % for the 3D modelling;
by 39 % and 30 % for the field experiment);

— the peaks of the vibration velocities in the section of the
start of automatic balancing (74 times in the 3D modelling;
5.4 times in the field experiment).

2. The computer simulation of the dynamics of the axial
fan with the «on» and «off» gravity forces has allowed deter-
mining the following:

— the effect of gravity on the accuracy of balancing the
impeller decreases rapidly with increasing the cruising speed
of the impeller;

— when increasing the forces of viscous resistance to the
motion of the balls, the effect of gravity on the accuracy of
the rotor balancing increases;

—at low speeds of rotation (15 r/s), the impeller can be
balanced not better than by accuracy class G 2.5, but at the
rated speed of 25 /s, it is balanced according to accuracy
class G 1.

The residual vibration velocities that are caused only by
gravity decrease with increasing the rotor speed.

3. The residual vibration velocities that are caused only
by the eccentricities of the raceways increase directly pro-
portionally to the rotor speed. Therefore, fast-turning rotors
need a more precise installation of automatic balancers. It is
recommended to reduce the eccentricity of the raceway of
the automatic balancer at least 2.5 times in relation to the
maximum permissible value. Residual vibration velocities in
the automatic balancing mode (up to 3 mm/s) on the test fan
are mostly caused by gravity. The probable causes of residual
vibration velocities are eccentricities of the raceways of the
automatic balancers, standstill of the balls (lack of reaction
to small unbalances), etc. Therefore, residual vibration ve-
locities can be reduced at the stages of manufacturing and
installing automatic balancers into a fan.
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