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1. Introduction

Axial fans are widely used in industry and in everyday
life [1-2]. Reduction of noise and vibration during operation
of axial fans is a relevant scientific and technical task [3—16].
Ordinary and aerodynamic (gas-dynamic) imbalances of
the fan impellers are the main source of vibrations in fan
machines [3—8]. The noise and vibrations of fans are also
influenced by the geometry of blades [9—-13].

At present, ordinary imbalance of the rotors are is rather
well studied; effective techniques for its balancing have been

developed. Aerodynamic imbalance has almost not been in-
vestigated theoretically.

It should be noted that the aerodynamic imbalance is
modeled and calculated differently for axial fans of high
[4-7] and low [14—16] pressure.

Here we shall examine aecrodynamic imbalance of axial
low-pressure fans using fans of the type VO 06-300/VO-12-
300 (Ukraine, Russia) as an example [2]. These fans have
one impeller with 3 to 5 blades. They lack a directing vane.

Underlying the research are the results of studies [14—19],
classic methods of axial fans aerodynamics [20] and the




theory of air screw [21, 22], certain facts related to changing
weather conditions [23], atmospheric physics [24].

2. Literature review and problem statement

Paper [3] shows that the main source of vibrations in
axial fans is the ordinary imbalance of rotating parts in
assembly and the aerodynamic imbalance. The latter arises
from imprecisely manufactured impellers, blades, due to the
difference in gaps between blade crowns and casing, etc.

Gas (air) in the high-pressure fans is compressible, which
is why it is appropriate to consider the imbalance to be
gas-dynamic. Gas in such fans passes under high pressure
impellers, directing vanes, labyrinths of seals, etc. [4—7]. That
explains the complex character of the occurrence of gas-dy-
namic imbalance as it depends not only on the aerodynamic
characteristics of the blades, but on the mechanism of their
interaction with other parts of the fan. The patterns in the
emergence of a gas-dynamic imbalance in turbo assemblies of
internal combustion engines were examined in [4]; paper [5]
calculated a given imbalance. The features and causes of the
occurrence of a gas-dynamic imbalance in gas-turbine engines
were considered in [6]; paper [7] modeled this imbalance. It
was established in [4-7] that the gas-dynamic imbalance is
essentially dependent on air density (temperature, altitude
above sea level) and can depend on the rotor speed, specifical-
ly due to the deformations of blades [6].

Air is almost not compressed in the low-pressure fans. If
there is only one impeller and there is no a directing vane,
the aerodynamic imbalance and noise of the fan are deter-
mined mainly by the aerodynamic characteristics of blades.
Papers [9-13] investigated and optimized separate blades.
Authors of [9] studied the impact of through openings in a
blade on the noise of the fan. In [10], authors optimized the
shape of blades in order to improve performance and reduce
mass. Paper [11] reported construction of a method for the
rapid optimization of impellers in axial fans and its verifi-
cation. Authors of [12], in order to parametrically optimize
geometrical parameters of the blade, applied an algorithm
of object optimization. Paper [13] presented a procedure for
choosing the design of the impeller (air screw), aimed at ex-
perimental verification. The cited studies do not examine the
ordinary and aerodynamic imbalance of the impeller.

Aerodynamic imbalance and aerodynamic forces acting
on the blades of a low-pressure axial fan were investigated
in papers [14-16]. In [14], authors established an analogy
between the ordinary and aerodynamic imbalances. They
have proven a possibility for the simultaneous balancing of
these imbalances by rotor mass correction or via passive
auto-balancers. It was established that the aerodynamic im-
balance is directly proportional to air density and therefore
varies depending on weather conditions and the operating
conditions of a fan. Paper [15] determined the principal
vector and moment of aerodynamic forces acting on the fan
rotary impeller. Authors of [15] built a mathematical model
for the static balancing of the impeller of axial fan using an
automatic ball balancer.

Dynamic balancing of the fan by two passive auto-bal-
ancers was studied in paper [17] — in theory, in [18] — ex-
perimentally, in [19] — using 3D computer simulation of
dynamics.

The above overview reveals that it is necessary to exam-
ine how separate blades of a low-pressure fan create aerody-

namic imbalance. It is required to estimate the magnitude of
a given imbalance, the patterns of change, and a procedure
to account for the fan in the differential equations of motion.
It is also necessary to prepare recommendations addressing
the balancing of aerodynamic imbalance.

3. The aim and objectives of the study

The aim of present research is to devise a procedure for
determining and estimating the magnitude of aerodynamic
imbalance of the impeller in axial fan. Achieving this aim
would make it possible to determine and assess the magni-
tudes of aerodynamic imbalances, to take into consideration
aerodynamic imbalances in the differential equations of the
fan motion.

To accomplish the aim, the following tasks have been set:

— to devise a procedure for calculating the aerodynamic
imbalance caused by an inaccurate mounting of one blade to
the impeller;

— to establish the magnitude of aerodynamic imbalance
for different air density;

—to devise recommendations on the balancing of the
ordinary and aerodynamic imbalances by rotor mass correc-
tion and using passive auto-balancers;

— to devise recommendations and to give an example of
accounting for the aerodynamic imbalance in differential
equations of the axial fan motion.

4. Methods of research into the patterns of change and
balancing of aerodynamic imbalance

4. 1. Balancing scheme of the composite rotor and
causes for the occurrence of aerodynamic imbalance

Balancing scheme of the composite rotor. The composite
rotor is dynamically balanced (in two correction planes P,
Py) (Fig. 1) [14]. It is created by the rotating parts of the
fan — an electric motor rotor, an impeller mounted onto the
rotor, etc. If the composite rotor is balanced by auto-balanc-
ers, their casings also relate to it.

Xoy Xy Xy

Fig. 1. Schematic of dynamic balancing of the composite
rotor [14]

The composite rotor rotates around its own longitudinal
axis in still air (gas) with a constant angular velocity w.
Aerodynamic imbalance is determined relative to the axes,
rigidly connected to the rotor, shown in Fig. 1.

Causes for the occurrence of aerodynamic imbalance tak-
en into consideration. The impeller has n>3 blades arranged
in a circle with equal step AO=21/n (Fig. 1). Manufacturers
of the axial fans VO 06-300 make blades according to a sin-
gle pattern. The blades are almost identical geometrically.



The impeller is mounted onto the shaft of electric motor with
a minimum eccentricity and skewness. Most errors in the
manufacture of an impeller occur at the imprecise placement
of blades.

Without limiting the generality, we shall assume that
only one blade, number j, is installed in the impeller with
errors. We shall consider the following cases:

— the angle of attack of the blade differs from the angles
of attack of other blades;

— the blade deflects from the perpendicular to the longi-
tudinal axis of the fan;

— the blade is installed in the impeller so that it violates
step A®;

— the blade is mounted to the impeller with all the three
above errors.

Aerodynamic imbalance depends on air density [14]. We
shall take into consideration that air density depends on [24]:

— atmospheric pressure;

— air temperature;

— altitude above sea level, and almost does not depend on
air humidity [24].

4. 2. Components of the aerodynamic forces that cre-
ate aerodynamic imbalance, reduced to two correction
planes

The principal vector and moment of aerodynamic forces
[14]. Because the impeller is fabricated with a defect, the
principal vector R and the principal moment of aerody-
namic forces Mp, reduced to point P, have components R,,
Ry, transverse to the longitudinal rotor axis (Fig. 2, ) and
M,, M, (Fig. 2, b). These components form the aerodynamlc
Hnbalance and can deflect the longitudinal axis of the rotor
from the rotation axis both translationally and rotationally.

.1‘A

Fig. 2. Reducing the aerodynamic forces to [14]: @ — principal
vector; b — principal moment

The component force R, is formed by the air moved by
its blades along the longitudinal axis of the impeller. The
component moment M, prevents the rotation of the impeller.
It is overcome by the torque from the fan engine.

Reduced aerodynamic forces [14]. Fig. 3 shows forces
Aty, A1y, Aoy, Agy, which are in the correction planes and are
statically equivalent to components Ry, R, My, M.

Projections of the reduced aerodynamic forces onto the
x, y axes [14]:
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Fig. 3. Reducing the components of aerodynamic forces that
form the imbalance to two planes of correction [14]:
a— xPzplane; b — yPz plane

Note that these forces do not balance aerodynamic forces
and are statically equivalent to them.

4. 3. Patterns in determining the aerodynamic forces

We apply an approximated theory of air screw in the
form of totality n of wings with finite span [21, 22].

According to the theory, the aerodynamic forces acting
on blade number i are reduced to the resultant R; (Fig. 4).
The resultant is in the characteristic cross-section of
the blade, located at distance r; from the rotation axis
(Fig. 4, a). The resultant is applied to the center of pressure
of the profile (Fig. 4, b).

Va

N;

Fig. 4. The resultant R; of aerodynamic forces acting on
blade number /i a — action on the blade; b —location in the
characteristic cross-section of the blade

The resultant has two components. The first component
L; is the lifting force

;pCﬂA,rfu)2 Ji=1n/, (2)
where C,; is the coefficient of the lifting force; p is the air
density; A; is the area of the characteristic cross-section
of the blade; r; is the distance between the longitudinal
axis of the impeller to the characteristic cross-section
of the blade (approximately 70 % of the radius of the
impeller).
The second component Dj is the drag force

pcmA,rfw . Ji=tn/, 3)

where Cy; is the coefficient of drag force.
If all blades are the same, then

1
D,=D= EanAeru)2

“Locapet, ji=iny, @)

L=L
2



and projections of the principal vector and the principal mo-
ment of aerodynamic forces onto the Pxyz axes:

R,=0, R,=0, R =nL= 1anZA720)2,
2

M, =0, M, =0, Mzz—nDrz—%annArsu)z. )

In this case, the aerodynamic imbalance is absent.
If only one blade, number j, is installed imprecisely (with
a defect), then for it

D,=D+AD,, L ,=L+AL, (6)

where AL; is a change in the lifting force; AD; is a change in
the drag force.

Projections of the principal vector and the principal mo-
ment of aerodynamic forces on the x, y axes:

R = AD]. sinej, Ry :—ADj cose].y
M, =rAL;sin®;,, M =-rAL;cos9,. @)

These projections create aerodynamic imbalance.

This model is applicable for determining the aerodynam-
ic imbalance that occurs when installing one blade: at anoth-
er angle of attack; in violation of the uniformity of the step.

In order to examine the case when the blade is not
perpendicular to the longitudinal axis of the impeller, the
approximated theory of air screw is to be modified.

5. Research results

5. 1. Calculation of basic characteristics of the fan

Technical specifications of the examined fans can be found
at the web sites of manufacturers (for example, ChP “Grad-
vent”, Kharkiv, Ukraine: http://gradvent.org.ua) [2].

Table 1 gives technical specifications and the calculated
characteristics of axial fans VO-06-300 (VO-12-300). Char-
acteristics were calculated based on the parameters for the
rated operating mode of the fan. The fans were operated at a
change in air temperature in the range of —40++40 °C (up to
+50 °C at a short operating time).

Table 1
Characteristics of axial fans VO-06-300 (VO-12-300)
I;i? rg];n w,rad/s| d,m| r,m NI;EQ Apm? | C, Cy
1,500 | 157.08 50 0.834 | 0.077
315 3,000 | 314.16 0315/ 0-110 220 0.00866 0.917{0.093
4 1,500 | 157.08 04 | 0140 72 0.01396 0.744 1 0.062
3,000 | 314.16 297 0.768 ] 0.065
5 |1,500| 157.08 | 0.5 | 0.175 | 114 |0.02182|0.754| 0.063
6.3 1,000 1 104.72 0.6310.2205 76 0.03464 07131 0.056
1,500 | 157.08 181 0.754| 0.063
8 1,000 | 104.72 08 | 0.280 104 0.05585 0.605] 0.041
1,500 | 157.08 247 0.638 | 0.045
10 1,000 | 104.72 | 1.0 | 0.350 | 173 |0.08727|0.644 | 0.046
750 | 78.54 156 0.661 | 0.048
12.5 1.25(0.4375 0.13635
1,000 | 104.72 259.5 0.6180.042

In Table 1:

N — number of impeller revolutions per minute;

® — angular rotation velocity of the impeller;

d — diameter of the disk, which creates the impeller;

r — distance from the axis of rotation of the impeller to
the characteristic cross-section of the blade;

po — full pressure at the rated operating mode of the fan;

C, — coefficient of the blade’s lifting force;

Cy, — coeftficient of the blade’s drag force.

Basic characteristics of the fan were calculated in the
Jollowing order.

1. Area of the disk, which creates the impeller, m?:

A, =nd? /4.

2. Lifting force acting on the disk in general, N:
L,=pA,.

3. Lifting force acting on a single blade, N:
L,=L,/n.

4. Area of the single blade, m?:

4, :Adfb /n,

where [ is a part of the area of the disk onto which the im-
peller is projected, 0<f,<1.

5. Angular frequency of rotation of the composite ro-
tor, rad/s:

=1N /30.
6. Coefficient of the lifting force:
2L

— 0
- 2.2
CopAre

where po=1.2 kg/m? is the density of air under normal con-
ditions.
7. Coefficient of elongation of the blade

A=d* / (4A).
8. Coefficient of the drag force:
C,=C:/(mh).

The calculations were carried out at n=3, f,=1/3,r=0.7R.
The characteristics given in Table 1 are required to assess
the aerodynamic imbalance caused by the incorrect instal-
lation of the blade.

5. 2. Determining the aerodynamic imbalance when
installing one blade with a different angle of attack

5. 2. 1. Sequence of calculations

Let all the blades, except one (number j), be mounted on
the impeller at the same angle of attack. Let the angle of at-
tack of blade number j be different by angle x from the angles
of attack of other blades.

Let for the sake of certainty a blade with a defect
be in the position in which angle 6;=90°. We find then,
from (8), such projections of the principal vector and



the principal moment of aerodynamic forces onto the x,
y axes:

R.=AD, R/=0, M, =rAL, M,=0. (8)
Substituting the obtained projections (8) in equation (1),

we derive projections of the reduced aerodynamic forces
onto the x, y axes:

(d,+ IQ)AD]- rAL;
A1x = l ’ 1y == l ’
2 2
LAD, rAL;
AQx == Z = A?]/ =T' (9)
2 2

A change in the lifting force and drag force acting on the
defective blade:

1
ALJ. = 5pACZjAer(x)2,

AD, =1pACnl Ao, (10)

72

where AC, is the change, for the defective blade, in magni-
tude C,, and AC,, —in magnitude C,

The blade is flown over at small subsonic speeds. Air can
be considered perfect, non-compressible. Coefficients C,, C,
depend on the profile of the blade and the angle of attack. For
almost flat blades [21]

C, =2n(o—0y)=2ma,, 11)
where o is the angle of attack, o, is the angle of null lifting
force, o, =a—0, is the aecrodynamic angle of attack.

For the case of an almost elliptical blade with a finite
span [21]:

C,=C? /(mh), (12)

where A is the coefficient of the blade elongation. It equals

A=1/ A, (13)

where [=d/?2 is the blade span.
For the imprecisely mounted blade

Czj =C. + ACzj )=
=2n(o,; +%) =2mo; + 21y = C_ + 2wy,

c?
cm<x>=cn+Acm<x>--#=

C’+4C my+4n*y* C’ 4C, 4C,
= =24+ —2y=C + X
A A T

Hence

4C
A

AC,; () =21y, AC,;(X)=—=X (14)

Absolute changes in the lifting and drag forces

1
AL()=5PAC, (0 A",

1
ADj(x):EpACm(X)~Abr2w2. 15)

The calculations are performed in the following order.
1. Change the coefficients of lifting and drag forces act-
ing on the defective blade

ic,
nx

AC,(x)=2my, AC,(x)=

2. Absolute changes in the lifting force (AL;)) and drag
force (ADj), which act on the defective blade (number j)
as a function of absolute change in the angle of attack (y),
kgxm /s

1
AL/(x):EpACZ].(x)-A,,rz(DZ,

1 2. .2
ADj(x):EpACTV(x)-Abr (O

3. Projections of the reduced aerodynamic forces onto
the x, y axes, kgxm /s%:

l,+1,)AD, AL
AM(X):M, Ay(x):_rlil()(),
LAD, AL
A, ()= _117]()(), Azy(x) = YTJ(X)

4. Projections of the aerodynamic imbalances formed by
the defective blade in correction planes onto the x, y axes,
gxXmm:

A, (0

LA .106’
(02

51)&7(%):%-10‘1 S, (0=

A, Ay, (%)
Sh(x):%.mﬁy Szy(X):ZT'mG'

(16)

5. Modules of the imbalances formed by the defective
blade in correction planes, gxmm:

50)= \/512,(()()+5ﬁ,,(x),
S,(0) =S50+ S5,(0)-

6. Vibration speed of point P;, located along the lon-
gitudinal axis of the rotor in correction plane number
i=1, 2:

(17)

V, (0 =S,(0—-10", i=12,
' m

z

where my is the mass of the composite rotor (the total mass of
rotating parts of the fan). Moreover, the greater the speed of
rotation of the composite rotor and the larger its length, the
more precise the formulae.



3. 2. 2. Calculation results

1. The calculations were carried out for the fan VO 06-
300 No. 4 at N=1,500 rpm and N=3,000 rpm. Basic pa-
rameters of the fan are given in Table 1. Other parameters:
my=2.5 kg; [;=0 m (the first plane of correction coincides
with the plane of the impeller); /,=0.28 m.

Table 2 gives the calculated reduced aerodynamic imbal-
ances depending on air density.

Table 2
Dependence of the reduced aerodynamic imbalances on air
density
N N, Si(x), g<xmm

ke/m?| rpm +° +2° +3° +4°
imp. [shank| imp. [shank|imp. [shank| imp. [shank
08 1,500 6.32 | 6.00 [12.64|12.00 [18.97]|18.01|25.29|24.01
3,000 6.34 | 6.00 [12.6812.00 (19.03| 18.01|25.37|24.01
19 1,500 9.48 | 9.00 [18.97|18.01|28.45|27.01|37.93|36.01
3,000 9.51 | 9.00 [19.03|18.01 |28.54|27.01|38.05|36.01
16 1,500 (12.64| 12.00 [25.29| 24.01 |37.93| 36.01 | 50.58 | 48.02
3,000 [12.68]12.00 [25.37| 24.01 |38.05| 36.01 | 50.74 | 48.02

Table 2 shows that:

— aerodynamic imbalances (almost) do not depend on the
speed of rotation of the impeller that testifies to the correct-
ness of the devised procedure;

— the greater the density of the air, the larger the imbal-
ances in the respective planes of correction;

—an increase in the deviation from the angle of attack of
the defective blade leads to an increase in the magnitudes of
imbalances.

The magnitudes of vibration speeds at points Py, Py are
given in Table 3.

Table 3

Dependence of magnitudes of vibration speeds at points Py,
P, on air density

Vei(y), mm/s

| N,
ke/m?| rpm +° +2° +3° +4°

imp. [shank| imp. [shank| imp. [shank| imp. | shank
1,500(0.397|0.377|0.794|0.754 {1.192] 1.131|1.589| 1.509
3,000/ 0.797 [0.754 [ 1.594] 1.5092.391| 2.263 | 3.188| 3.017
1,500{0.596 | 0.566 | 1.192(1.131[1.788|1.697 | 2.383 | 2.263
3,000]1.195[1.131(2.391|2.263|3.586| 3.394 |4.782| 4.526
1,500(0.794|0.754|1.589 | 1.509 [2.383|2.263 |3.178| 3.017
3,000]1.594 [1.509 | 3.188|3.017|4.782| 4.526 | 6.376| 6.034

0.8

1.2

1.6

Table 3 shows that an increase in the frequency of rota-
tion of the impeller by 2 times leads to an (almost) 2-time
increase in the vibration speeds of control points Py, P,
which testifies to the correctness of the devised procedure.

One can also see that at the largest air density and the
deviation in the angle of attack of the defective blade:

—+1° the impeller would be imbalanced in line with
the accuracy class G 1 (International standard ISO 21940-
11:2016 (Mechanical vibration — Rotor balancing — Part 11:
Procedures and tolerances for rotors with rigid behavior)) at
N=1,500 rpm, or G 2.5 at N=3,000 rpm;

—42° the impeller would be imbalanced in line with the
accuracy class G 2.5 at N=1,500 rpm, or G 6.5 at N=3,000 rpm;

—+4° the impeller would be imbalanced in line with
the accuracy class G 6.3 at N=1,500 rpm, or G 16 at N=
=3,000 rpm.

Calculations are carried out similarly for other fans.
However, the obtained similar results (are not given in this
paper).

As the first plane of correction coincides with the plane
of the impeller, /=0 and

A, (0=AD;(x), A,(x)=-rAL,(x)/1,,
A, (0=0, A, ()=rAL,(x) /L,

Thus, for the case under consideration, aerodynamic
forces create a dynamic imbalance. Calculations show that
AL;(%)>>AD,(y). Component AL;(x) forms a pure mo-
ment imbalance. Therefore, this dynamic imbalance can be
balanced only dynamically — in two planes of correction.

5. 3. Aerodynamic imbalance for the case when the
blade perpendicularity to the axis of rotation is broken

3. 3. 1. Sequence of calculations

Let blade number j be mounted not perpendicularly
to the longitudinal axis of the impeller (Fig. 5). The angle
between the blade and the perpendicular to the longitudinal
axis is denoted by 8.

ZA
’ Rcosd
 7COSS
L
e 0
A

Fig. 5. Aerodynamic forces acting on the blade when it
is mounted with a violation of the perpendicularity to the
longitudinal axis of the impeller

We find from Fig. 5 the following projections of the prin-
cipal vector and the principal moment of aerodynamic forces
onto the x, y axes:

R,=0, R,=-Lsind=~—L3, M,=0, M,=0. (18)
Substituting the derived projections in equation (1), we

shall obtain projections of the reduced aerodynamic forces
onto the x, y axes:

A, =0, Aly ==(l,+1,)L3 /1,

A, =0, A, =118/, (19)
Further sequence of calculation is obvious and it is there-
fore not given.

3. 3. 2. Calculation results

Table 4 gives the calculated reduced aerodynamic imbal-
ance S1(8) and vibration speed Vp(8) of point P; depending
on air density.

Relationship between the magnitudes, obtained at
N=1,500 rpm and N=3,000 rpm, once again confirm cor-
rectness of the constructed procedure.



Table 4

Dependence of the reduced imbalance and vibration speed of point P; on air density

51(5), £gXxXmim; Vp1(5), mm/s
p, kg/m? N, rpm +° +20 +30 +4°
M Ve S Vet S Vet M Vet
0.8 1,500 1.422 0.089 2.844 0.179 4.265 0.268 5.684 0.357
3,000 1.467 0.184 2.933 0.369 4.398 0.553 5.862 0.737
19 1,500 2.133 0.134 4.266 0.268 6.397 0.402 8.526 0.536
' 3,000 2.200 0.276 4.399 0.553 6.597 0.829 8.793 1.105
16 1,500 2.844 0.179 5.688 0.357 8.529 0.536 11.369 0.714
3,000 2.933 0.369 5.865 0.737 8.796 1.105 11.724 1.473
Table 4 shows that at the largest air density of air and a A, =Lry/l, A, = +,)Dy/l,
deviation of the blade from the perpendicular to the longitu-
dinal axis of the fan at +4° the impeller acquires imbalance: Ay, ==Lry/l,, A, =-1Dy/l, 21
—at N=1,500 rpm, in line with the accuracy class G 1,
—at N=3,000 rpm, in line with the accuracy class G 2,5. Further sequence of calculations is obvious and it is

Non-perpendicular mounting of the blade forms im-
balances and vibrations that are almost 4 times less than
mounting the blade with another angle of attack.

In the examined case, with respect to /;=0

A1x = 0’ A1y = _LS’ AZJ( =OY A’Zy = 0'

Thus, a defective blade creates pure static imbalance
in the plane of the impeller. Therefore, it must be balanced
statically in the impeller plane.

5. 4. Aerodynamic imbalance when the step of mount-
ing a blade is violated

5. 4. 1. Sequence of calculations

Let blade number j be deflected at angle y from the re-
quired angular position in the impeller (Fig. 6).

Fig. 6. Aerodynamic forces acting on a blade when it is
mounted with an angular error

We find form Fig. 6 the following projections of the prin-
cipal vector and the principal moment of aerodynamic forces
onto the x, y axes:

R,=0, R,=Dsiny=Dy,
M, =0, M, =Lrsiny=Lry. (20)
Substituting the derived projections in equation (1), we

obtain projections of the reduced aerodynamic forces onto
the x, y axes:

therefore not given.

3. 4. 2. Calculation results
Table 5 gives the calculated reduced aerodynamic imbal-

ances depending on air density.
Table 5

Dependence of the reduced imbalances on air density

Si(Y), gxmm

+2° +3°

shank shank
1.442 2.133
1.467 2.200
2.133 3.200
2.200 3.300
2.844 4.267
2.933 4.400

N,

rpm +1°

shank
0.711
0.733
1.067
1.100
1.422
1.467

+4°

shank
2.844
2.933
4.267
4.400
5.689
5.867

P,
kg/m?

imp.

2162
2.232
3.243
3.348
4.325
4.464

imp.
2.883
2.976
4.325
4.464
5.766
5.951

imp.
0.721
0.744
1.081
1.116
1.422
1.488

imp.
1.442
1.488
2.162
2.232
2.883
2.976

1,500
3,000
1,500
3,000
1,500
3,000

0.8

1.2

1.6

The magnitudes of vibration speeds at points Py, Py are
given in Table 6.
Table 6

Dependence of magnitudes of vibration speeds at
points P;, P, on air density

Vpi('y), mm/s

+2° +3°

shank shank
0.089 0.134
0.184 0.276
0.134 0.201
0.276 0.415
0.179 0.268
0.369 0.553

N,
rpm

+1°

shank
0.045
0.092
0.067
0.138
0.089
0.184

+4°

shank
0.179
0.369
0.268
0.553
0.357
0.737

Py
kg/m?
i i imp.
0.181
0.374
0.272
0.561
0.362

0.748

imp.
0.045
0.093
0.068
0.140
0.091
0.187

mp.
0.091
0.187
0.136
0.280
0.181
0.374

mp.
0.136
0.280
0.202
0.421
0.272
0.561

1,500
3,000
1,500
3,000
1,500
3,000

0.8

1.2

1.6

Table 6 shows that:

— at the largest air density and a deviation of the blade at
+4° the impeller acquires imbalance in line with the accuracy
class G 0.4 at N=1,500 rpm, and G 1 at N=3,000 rpm;

— mounting the blade with a deviation from step creates
imbalances and vibrations that are almost 8 times smaller
than mounting the blade with another angle of attack.



In the considered case, with respect to /j=0

A, =Lry /L, A1y =Dy,

Ay =-Lry/l,, A, =0.
Thus, when the uniformity of blades arrangement is
violated, there occurs the dynamic imbalance. Because
D<<L, the greatest contribution to the dynamic imbal-
ance is provided by the moment imbalance created by the
component L. Therefore, it is advisable to balance such an
imbalance dynamically — in two correction planes.

5. 5. General case of mounting a blade with errors

Let only blade number j be mounted imprecisely among
all the blades, and angles ¥, v, 8 in this case are not equal to
zero. Note that angles y, v, 8 (in radians) are the magnitudes
of a first-order smallness. That is why with an accuracy to
the magnitudes of a first-order smallness inclusive the re-
duced aerodynamic forces are the sum of the respective forc-
es that arise from each error in mounting a separate blade:

A, 67,8)=[(, +1,)AD,(x)+ Lry] / L,

A, (67,8)=—[rAL, () + (I, +1,)L8 = ([, +1,)Dy] / L,
Ay (% 7,8)=~[LAD,(x)+ Lry] /Ly,

A, (7,8)=[rAL,(x)+ (L8 - DY)]/ L, (22)
If the first plane of correction coincides with the plane of

the impeller, then /;=0 and projections of the reduced aero-
dynamic forces onto the x, y axes

A1x(xr775)= ADj(X)+LrY/ZZ7

A, (%7,8)=~L3+Dy—rAL(x) /1,,

At normal atmospheric pressure (101.34 kPa) and nor-
mal humidity (50 %), at a change in air temperature in the
range of —40++50 °C (a temperature range that permits
operation of the fan), air density in the range of 1.515+
+1.093 kg /m? (by 1.39 times) [24].

At normal temperature (20°C) and humidity (50 %),
at a change in the altitude above sea level in the range
from —1,000 m to 4,000 m, air density varies in the range of
1.376+0.819 kg/m? (by 1.68 times) [24].

Altitude above sea level during operation of the fan does
not change. That is why the causes of change in air density
and aerodynamic imbalance in the operation of the fan is the
change in atmospheric pressure and temperature.

Air temperature undergoes the greatest change over 24
hours. Therefore, this change will most affect a change in air
density and aerodynamic imbalance.

5. 7. Procedure for taking into consideration the aero-
dynamic imbalance in differential equations of motion of
the fan

5. 7. 1. Differential equations of motion of a two-sup-
port rotor disregarding the aerodynamic forces

Fig. 7 shows a circuit that explains motion of the rotor on a
rigid weightless shaft and elastic supports [17]. Fig. 7, a shows
position of the stationary rotor. The motion of the rotor is de-
scribed relative to the immobile right rectangular coordinate
system Kxgygzg. It originates in the center of masses of the
motionless rotor. The z axis is directed along the axis of rota-
tion. Similar Guovw axes are rigidly connected to the rotor. In
the original position, the Guow axes coincide with the Kxxygzk.

Coordinates x, y set the translational motion of the ro-
tor together with the center of masses — point G (Fig. 7, b).
Angles o, B define a rotation of the rotor longitudinal axis
around point G (Fig. 7, ¢). The rotor rotates around the lon-
gitudinal axis at constant angular velocity ®. Rotation angle
of the rotor around this axis is p=wt, where ¢ is the time.

A, (1,0)=~Lry /1L,

A, (61.8)=TAL,(X) /1, (23)
Projections of aerodynamic imbalances onto
the x, y axes are derived from formulae (17).
Note that in the general case the total acrody-

namic imbalance is dynamic in which the moment
component is greater than the static component.

5. 6. Dependence of air density on atmo-
spheric pressure, air temperature, altitude
above sea level

Atmospheric pressure decreases due to in-
creasing altitude above sea level and varies de-
pending on weather conditions.

The largest registered atmospheric pressure
on the Earth’s surface, reduced to the sea level,
is 108.56 kPa, the smallest being 85 kPa [23].
Thus, for a particular area, a daily, monthly, yearly
change of atmospheric pressure does not exceed
24 kPa. At a normal temperature of 20 °C and a
humidity of 50 % at a change in the atmospheric
pressure in the range from 85+109 kPa, air densi-
ty varies in the range of 1.009+1.296 kg/m? (by
1.28 times) [24].

Fig. 7. Model of the imbalanced axisymmetric rotor on two isotropic
elastic supports [17]: a — circuit of the rotor with application points of
ordinary imbalances to the longitudinal axis of the rotor;

b — translational displacement of rotor together with the center of
masses G, ¢ — rotations of the rotor longitudinal axis around the center
of masses; d — rotor rotation around the longitudinal axis at angle wz,
e — rotation of ordinary imbalance S, //=1.2/ together with the rotor



Axial moments of inertia of the rotor relative to the
principal central axes &g, ng, (g, parallel to axes &, 1, £ (and
axes ug, vg, wg, parallel to axes u, v, w) are equal to A, A, C,
respectively.

Differential equations of the rotor motion disregard-
ing the aerodynamic imbalance, for small o and B take the
form [17]:

Mi+k, x + kB = 0[S, cos(ot +¢,) + S, cos(at +¢,)],
Mij+k,y—k 0= @[S, sin(ot +¢,)+S,sin(wt +¢,)],

A6+ Cof + koL — k=
=-’[Sd, sin(ot +,) - S,d, cos(wt +,)],

AB-Cardu+ by B+k =

=@’[S,d, cos(wt +0,)—S,d, cos(wt +¢,)], (24)

where

b=k +ky, b=kl —kl, ky=kI>+kl: (25)
5. 7. 2. Taking into consideration the aerodynamic
imbalance
Fig. 8 shows schematic for determining current projec-
tions of the reduced aerodynamic forces onto the x, y axes. It
is considered that

o [B [ v b8 <<1.

’

Projections are determined with an accuracy to the
magnitudes of a first-order smallness relative to angles o, B,
% Y, 0. Under such conditions, projections onto the &, 1 axes
coincide with the projections onto the x, y axes.

Ay

Fig. 8. Determining the projections of the reduced
aerodynamic forces onto the x, y axes

The schematic shows a blade that creates the aerody-
namic imbalance (without a number). It is turned relative
to the u axis at angle 6). The blade rotates together with the
composite rotor. In this case, the u axis rotates relative to
the { axis at angle ot (Fig. 7, d). Therefore, the angle that
defines at time point ¢ position of the blade relative to the
& axis is equal to

0=0, +ot. (26)

Projections of the aerodynamic imbalance onto the X, Y
axis are determined from equalities (22) applying a change
of indexes of the axes:

A1X(X’Y’8) = [(11 + 12 YAD(y)+Lry]/ 12,
Ay (%7,8)=—[rAL() + (I, +1,) L3~ (I, +1,) Dy] / L,,

Ay (0,7,8) =~[LAD(x) + Lry] / 1,,

Ay (6 1,8) =[rAL(X) + [, (L8 = DY)]/ 1,. (27)
We find from Fig. 8

ij(XvY’a)ej):AjX(X7Yv8)Sinej +A]~Y(X,'Y,8)COSGJ-,

A, (,7,6,8,)=— Ay (%,7,8)cos0; + A, (%,7,8)sinb
/i=12/, (28)

where index j refers to the plane of correction rather than
the blade.

Projections of the reduced aerodynamic imbalances onto
the x, y axes:

S, (07.8,8)=A4,(17.8,6,)/ 0,
Sj],(%v’yraej):Ajy(X?’Y’a’ej)/wZ’ /i=12/. (29)

Complete imbalance of the composite rotor is the sum of
ordinary and aerodynamic components:

5 (07,8,8,)=5,(%7,8,0,)+S5, cos(wt +9,),
5, (07:6,0,)=5,(%7,6,0,)+5,sin(ot +9¢,),
/i=12/. (30)

Differential equations of the rotor motion with respect to
aerodynamic imbalance

Mii+ by + by = “)2[511(%,7:879/)"'Szx(X,Yv&ej)],
Mij+ky,y — k0= *[s,,(X,1,8,0,)+5,,(x,1,8,0))],

At +CoP + kyot— by =
= _0‘)2[sly(XY’YV§’e]’)d1 _Szy(x’yvsyej)dz]’

AB—Cari+ky B+k =

=[5, (,7,8,8,))d, =5, (%,7.8,8,)d,]. (31
Thus, if there is a system of differential equations of the
rotor motion without the impeller, one can derive from them
differential equations of the rotor motion with the impeller,
which take into consideration the aerodynamic imbalance.

6. Discussion of results related to patterns in change and
balancing of the aerodynamic imbalance

The developed procedure for determining and estima-
tion of aerodynamic imbalances of the impeller of axial fan
was applied for low-pressure axial fans, type VO-06-300
(VO-12-300), and others.

Aerodynamic imbalances caused by the imprecise mount-
ing of the blade to the impeller are similar to the ordinary
imbalance because:



— they are reduced to two planes of correction;

— they do not depend on the angular velocity of rotor
rotation.

The magnitudes of aerodynamic imbalances, in contrast
to the ordinary ones, are directly proportional to air density.

In the general case, aerodynamic imbalance is dynamic
in which the moment component is an order of magnitude
larger than the static one.

Among the considered errors in mounting the blade
to the impeller, the most undesired is the error related to
mounting the blade at another angle of attack. This error
gives rise to the aerodynamic imbalance (mostly, moment),
which is 6-8 times higher than the aerodynamic imbalance
arising from other errors.

A +4° change in the angle of attack of a single blade in the
impeller can worsen the balancing accuracy of rotating parts
in assembly to the accuracy class G 6.3 at N=1,500 rpm, or
G 16 at N=3,000 rpm.

Ordinary and aerodynamic imbalance can be balanced
by rotor mass correction. In this case, it is appropriate to
balance dynamically in two correction planes. Balancing
should be performed not under normal conditions but under
conditions to which the fan will be exposed during opera-
tion. If these conditions change, it is necessary to perform
balancing at a mean value of air (gas) density.

If the impeller is balanced at a certain air density, then
a change in the air density will result in the occurrence
and change of aerodynamic imbalance. Air density mostly
changes over time and in magnitude with the change in
air temperature. A change in air temperature from —40 to
+50 °C (a temperature range that permits operation of the
fan) may lead to a 1.4-time change in air density.

In order to reduce vibrations caused by a change in the
aerodynamic imbalance, it is advisable:

— to additionally balance rotating parts in assembly, con-
tinuously, by using passive auto-balancers;

— to aerodynamically balance the impeller, separately, by
eliminating the errors in blade mounting.

To account for the aerodynamic imbalance in differential
equations of motion of the fan, it is necessary to add the
components of aerodynamic imbalance to the respective
components of ordinary imbalance.

It is possible to consider small aerodynamic forces in the
differential equations of motion of the fan, which occur at
small motions of the impeller’s longitudinal axis. The exam-
ple of such a consideration is given in [16].

The obtained theoretical results make it possible to sim-
ulate and estimate the magnitude of aerodynamic imbalance,
to take into consideration the aerodynamic imbalance in the
differential equations of motion. The obtained calculation re-
sults indicate that the aerodynamic imbalances, similar to the
ordinary ones, is an essential source of vibrations in axial fans.

It should be noted that the results obtained are applica-
ble only for the low-pressure axial fans with a single impeller.
The results of calculations were obtained for the rated oper-
ating mode of the fan. Given the significant dependence of
aerodynamic forces on the conditions of operation of the fan,
the estimations obtained could not be accepted as final and
need clarification or verification.

In the further research we plan to conduct computation-
al and full-scale experiments for balancing the aerodynamic
imbalance through the rotor mass correction and using pas-
sive auto-balancers.

7. Conclusions

1. We have developed a model and devised a procedure
for calculating the aerodynamic imbalance caused by the
imprecise mounting of one blade to the impeller. We have
examined cases when a blade is mounted:

— at a different angle of attack;

— with a violation of the uniformity of the step;

—not perpendicularly to the longitudinal axis of the
impeller;

— with all three of the above-mentioned errors present
at once.

In all cases, aerodynamic imbalance is similar to the
ordinary one because:

— they are reduced to two planes of correction;

—they do not depend on the angular velocity of rotor
rotation.

The magnitudes of aerodynamic imbalances, in contrast
to the ordinary ones, are directly proportional to air density.

It is established that a different angle of attack and a
violation of the perpendicularity lead to the occurrence of a
dynamic imbalance in which the moment component is the
order of magnitude greater than the static component. A
violation of the uniformity of the step gives rise exclusively
to a static component, which is in the plane of the impeller.

2. Among the errors considered, the most undesired error
relates to mounting a blade at a different angle of attack. At
such an error the aerodynamic imbalance is 6—8 times high-
er than that for other errors.

A #4° change in the angle of attack for one blade in the
impeller can worsen the balancing accuracy of rotating parts
in assembly to the accuracy class G 6.3 at a frequency of
1,500 rpm, or G 16 — at N=3,000 rpm.

Ordinary and aerodynamic imbalances can be balanced
by rotor mass correction. In this case, it is appropriate to
conduct dynamic balancing in two correction planes.

If the impeller is balanced at a certain air density, then
at a different air density there will occur the aerodynamic
imbalance. Air density mostly changes over time and in
magnitude with the change in air temperature. When air
temperature changes from —40 to +50 °C (a temperature
range that permits operation of the fan), air density may
change by 1.4 times.

It is recommended to prevent a change in the aerody-
namic imbalance:

— by aerodynamic balancing (elimination of errors in
mounting the blades);

— by continuous additional balancing of rotating parts in
assembly using passive auto-balancers.

3.1In order to take into consideration aerodynamic im-
balance in differential equations of motion of the fan, it is
necessary to add the components of aerodynamic imbalance
to the respective components of the ordinary imbalance.
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