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Justification of Methods for Determining Mass
and Aerodynamic (Hydrodynamic) Unbalances
of a Propeller

This paper theoretically substantiates new methods for determining the mass and aerodynamic
(hydrodynamic) unbalance of a propeller, applicable to both air and water propellers with fixed pitch. It is
proposed to determine the dynamic unbalance twice: first under normal operating conditions, and then under
modified conditions in which only the aerodynamic (hydrodynamic) component changes. The proposed methods
are based on: varying the density of air, gas, or liquid; applying reverse propeller rotation; and utilizing the
ground effect. The aerodynamic (hydrodynamic) unbalance is quantified as a mass-equivalent unbalance,
measured with a balancing instrument under defined operating conditions.
propeller, balancing, unmanned vehicle, manned vehicle, balancing device, ground effect

Problem statement. Propellers are widely used in various types of machinery. The
primary source of vibration in such equipment is the mass and aerodynamic (hydrodynamic)
unbalance of the propellers. As a result, balancing propellers represents a common and
persistent engineering challenge. In single-unit or small-scale production, traditional
balancing methods are employed. Aerodynamic (hydrodynamic) balancing is achieved by
correcting the geometric profile of the blades, while mass unbalance is corrected using a
balancing rig or instrument.

With the advent of small unmanned and manned aircraft, the production of propellers
has become large-scale. Under such conditions, traditional balancing methods are no longer
feasible due to their labor-intensive nature. For manufactured propellers, a more specific
challenge arises — separating the mass and aerodynamic (hydrodynamic) components from
the overall dynamic unbalance. This is essential for the development of advanced balancing
techniques, for evaluating the manufacturing and balancing quality, and for identifying and
rejecting defective units.

Analysis of recent research and publications. Propellers are widely used in manned
and unmanned aircraft, surface and underwater vehicles, hovercraft, axial fans, wind turbines,
and other applications. A primary source of vibration during the operation of both air [1] and
water propellers [2] is mass unbalance and aerodynamic or hydrodynamic unbalance.

Aerodynamic (hydrodynamic) unbalance is similar in effect to mass unbalance. It also
consists of static and moment components and generates disturbing forces at the frequency of
propeller rotation. As a result, it can be corrected by adjusting the mass distribution [1, 2].
Effective balancing machines and devices have been developed for this purpose [3].
Experimental data demonstrate that the accuracy of simultaneous balancing of both types of
unbalance is primarily limited by the precision of the balancing equipment.

But aerodynamic (hydrodynamic) unbalance, unlike mass unbalance, depends on the
density of air, gas (liquid), and propeller operating conditions. Therefore, if the propeller is
balanced only by adjusting the masses at a certain mode, the balancing accuracy will be
violated with changes in the propeller operating conditions.
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A promising approach to address these challenges is real-time balancing of both mass
and aerodynamic unbalances using passive auto-balancers [4—6]. The operation of these devices is
based on the fact that under certain conditions, the corrective weights (balls, rollers, pendulums)
in the auto-balancers themselves come to the position in which they balance the rotor.

In [4], it was established numerically for a specific system that at the resonant speeds
of rotation of the bladed-disk/shaft, auto-balancers effectively eliminate its mass and
aerodynamic unbalance. In [5], it was theoretically established that it is impossible to
dynamically balance the impeller of an axial fan (short rotor) with two auto-balancers. But if
it is installed in a heavy housing with the possibility of rotation, and the housing is elastically
and viscously fixed, then auto-balance will occur at the super-resonant speeds. In [6], these
results are confirmed experimentally for the axial fan VO 06-300-4 (Ukraine) with two ball
auto-balancers.

The application of passive auto-balancers is effective primarily for rotors mounted on
elastically supported shafts operating at supercritical (super-resonant) rotational speeds. This
configuration is typically met only by axial fans. Consequently, for the majority of propellers
alternative balancing techniques are required.

There is also a simultaneous balancing of two unbalances by aerodynamic means. The
fact that aerodynamic unbalance has a significant moment component is used, and the static
component can be neglected. In turn, the moment component arises due to the installation of
blades with different installation angles. The method is used in the case of variable-pitch
propellers - wind turbines, helicopter rotors, aircraft propellers, etc. Let's consider this on the
example of wind turbine propellers. Taking wind turbines as an example, the method involves
real-time monitoring of vibrational behavior at the tower [7] and nacelle [8], as well as
acoustic signatures from individual blades [9]. Then, according to a certain algorithm, the
blades are rotated (their pitch is changed), respectively, to minimize vibrations and equalize
noise from individual blades. In this case, aerodynamic forces change and at their expense,
two types of unbalances are simultaneously balanced. The effectiveness of such methods is
increased by using deep machine learning (using neural networks) [10], or conventional
machine learning [11]. Aerodynamic (hydrodynamic) balancing has lower accuracy compared
to mass correction balancing, since the balancing is not dynamic (not in two correction
planes). The method is not applicable for propellers with fixed-pitch.

The best result in balancing fixed-pitch propellers is achieved during the
manufacturing stage. These are traditional balancing methods. According to them, the
propeller is consistently balanced both aerodynamically (hydrodynamically) and by adjusting
the masses.

Aerodynamic (hydrodynamic) unbalance of a propeller is characterized by geometric
inaccuracy in the manufacture of the propeller [1, 2]. Therefore, aerodynamic or
hydrodynamic balancing of propellers is ensured by increasing the accuracy of their
manufacture.

To verify the accuracy of propeller manufacturing, the propeller is rotated around its
shaft, and the blade geometry is measured at designated control points [12]. Based on the
measurement results, the shape of the propeller is corrected. After the shape is corrected, the
propeller is balanced by adjusting the masses.

An alternative method for verifying manufacturing accuracy involves measuring the
pressure generated by individual blades during rotation. Several pressure sensors are installed
behind the propeller, arranged in a row along the blade [13]. The propeller is then rotated.

As each blade passes over the sensors, a signal proportional to its lift force is recorded.
If the propeller is aerodynamically unbalanced, the blades will produce varying lift forces,
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which will be reflected in the sensor outputs. After measuring the lift forces, corrections are
made to the shapes of individual blades. The accuracy of the measurements is increased by
placing a lattice screen with pressure sensors behind the propeller [1]. The sensors are
arranged in rows along the blades. But this complicates the design.

The most precise method for verifying propeller accuracy involves creating a digital
information model of the propeller. The information model contains the results of measuring
the geometric parameters of the propeller at many control points. The model itself is too
bulky, and it takes a lot of time to obtain it. Measurement processes are facilitated through the
use of 3D scanners [14], specialized coordinate measuring machines, and photogrammetry
(stereophotogrammetry) techniques [15]. To further improve model accuracy, the number of
control points and the precision of measurements must be increased, which complicates both
the process and the model itself. Nevertheless, the information model enables the
development of highly effective geometric correction measures.

The described methods are extremely labor-intensive and therefore are used in single
or small-scale production of propellers.

Let us consider small fixed-pitch propellers. These are typically produced in medium
or large batches, or even mass-produced. Modifying their geometric shape is generally
impractical. For such propellers, a more specific issue arises: the separate identification of
mass and aerodynamic (hydrodynamic) unbalance. This is essential for developing advanced
methods for balancing propellers of various types, assessing balancing quality, measuring
residual unbalance, and rejecting defective propellers during mass production.

It is worth noting that digital models of propellers enable the creation of detailed 3D
representations [14, 15]. These models can be processed using computer-aided design (CAD)
systems to separately identify mass and aerodynamic (hydrodynamic) unbalance. However,
this approach is labor-intensive and not feasible for mass production.

Let us now examine methods based on the analogy between mass and aerodynamic
(hydrodynamic) unbalance. In these approaches, aerodynamic (hydrodynamic) unbalance is
evaluated through its equivalent mass unbalance.

In [16], the main vector and moment of aerodynamic forces acting on the rotating
impeller of an axial fan are determined. Aerodynamic unbalance is found in the following
cases: mounting the impeller on the rotor shaft with eccentricity and skew; installing one
blade at a different angle of attack; violating the uniformity of the distribution of blades
around the circumference. It is established that the impellers of axial fans can be balanced
only by adjusting the masses. In this case, the impeller will be balanced over the entire range
of rotation speeds, provided that the specific gravity of the air (gas) does not change.

In [17], the aerodynamic unbalance created by a single blade was theoretically
investigated and corrective masses were found for its balancing.

According to the results of works [16, 17], it is possible to calculate the mass
equivalent of the aerodynamic (hydrodynamic) unbalance of the propeller if additional
information is available about the inaccuracy of the propeller manufacturing.

There is also an obvious practical method applicable in production conditions. It
consists in measuring the propeller mass unbalance twice: in propeller operation conditions or
on a stand that emits propeller operation; in (high) vacuum. In operation conditions or on a
stand, the total unbalance is determined, and in (high) vacuum, the mass unbalance is
determined. This is sufficient to determine the mass unbalance and the mass equivalent of the
aerodynamic unbalance. The implementation of the method is described, for example, in [14]
for a gas turbine engine rotor. But this is a laborious and expensive process, because it
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requires pumping air from the chamber where the mass unbalance is measured, and a person
cannot work in such a chamber.

This method is more simply implemented for water propellers. On a balancing
machine, the unbalance of the masses of a water propeller rotating in the air is determined. In
this case, the aerodynamic component of the unbalance is neglected. On a stand that simulates
the operation of a water propeller in a liquid, the total unbalance from masses and
hydrodynamics is determined.

The mass equivalent of the aerodynamic (hydrodynamic) unbalance of a propeller
characterizes this unbalance only under the propeller operating conditions under which it was
measured. However, there are such modes of propeller operation that significantly change
both the aerodynamic or hydrodynamic forces and the corresponding mass equivalent of the
unbalance.

First, this is the reverse rotation of the propeller, which is used quite often [17-20].
Thus, reverse reduces the braking system and accelerates the landing of manned [17] and
small unmanned aircraft [ 18], accelerates landing, picketing, improves the maneuverability of
unmanned aerial vehicles [19], improves the maneuverability of ships, swimming vehicles
[20]. Reverse rotation of the propeller changes the directions of aerodynamic or
hydrodynamic forces and the corresponding mass unbalances to opposite ones.

Secondly, there is the ground (screen) effect [21-23]. This effect becomes noticeable
when small [21] or large [22] aircraft operate in ground proximity or near obstacles, as well as
during the operation of axial fans in the vicinity of surrounding structures [23]. The ground
effect significantly increases the aerodynamic or hydrodynamic forces acting on the propeller
and the corresponding mass equivalents.

The considered modes do not change the mass unbalance. They show a significant
difference between the mass unbalance and the aerodynamic (hydrodynamic) unbalance of the
propeller. The mass equivalent of the aerodynamic (hydrodynamic) unbalance is not as stable
as the mass unbalance. This explains why relatively few works use the mass equivalent to
estimate the aerodynamic (hydrodynamic) unbalance. On the other hand, the use of balancing
machines or devices allows experimentally and with high accuracy to determine separately
the mass and aerodynamic (hydrodynamic) unbalance under specific propeller operating
conditions.

A review of sources [1-16] shows that practical methods for separately determining
the mass and aerodynamic or hydrodynamic unbalance of a propeller are not sufficiently
developed. Moreover, we mean methods that correspond to the aerodynamic (hydrodynamic)
unbalance with a mass equivalent. Let us agree to substantiate such methods in the future.

Also, the applicability of reverse propeller rotation [17-20] or the ground effect [21—
23] for this has not been investigated.

Statement of the task. The purpose of the research is to propose and theoretically
substantiate new practical methods for determining mass and aerodynamic (hydrodynamic)
unbalances of propeller. This will make it possible to develop methods for balancing
propellers, determine residual unbalances, and reject propellers during manufacturing or
repair at the factory.

Research objectives:

— theoretically substantiate new practical methods for determining mass and
aerodynamic (hydrodynamic) unbalances of propeller, which are based on: replacing the
density of air, gas or liquid; using reverse rotation; using the ground effect;

— theoretically evaluate and compare the effectiveness, accuracy and complexity of
implementing the developed methods.
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Presentation of the main material

1. Research Methodology

1.1. Basic assumptions. To study propeller unbalance, knowledge from rotor balancing
theory, aerohydrodynamics, kinetic theory of gases and liquids [25], vacuum physics [26],
physicochemical properties of substances [27], and theoretical mechanics is applied.

The analysis assumes that the blades are exposed to laminar flow, and the
aerodynamic forces acting on the propeller can be reduced to a resultant force vector and a
resultant moment. In the case of an air propeller, it is further assumed that aerodynamic forces
are not significantly affected by Mach and Reynolds numbers. For water propellers, cavitation
is considered negligible under operating conditions.

It is also postulated that both mass and aerodynamic (hydrodynamic) unbalance (i.e.,

their mass equivalent) can be determined by measuring the dynamic unbalance under two
different conditions: standard operating conditions and modified operating conditions.
The modified operating conditions should affect only the aerodynamic or hydrodynamic
unbalance. These changes are treated as the introduction of a test (trial) aerodynamic or
hydrodynamic unbalance. To improve the accuracy of determining the aerodynamic or
hydrodynamic unbalance, the change in unbalance should be no less than 30% [3].

The following modifications to propeller operating conditions are considered:

— changing the density of air, gas, or liquid;

— reversing the direction of propeller rotation;

— placing a screen in front of or behind the propeller.

The effectiveness of these methods for identifying the components of total unbalance
will be evaluated based on the following criteria:

— whether the method enables a change in aerodynamic or hydrodynamic unbalance of
at least 30%;

— whether additional factors arise that reduce the accuracy of component
identification;

— how complex the method is to implement in practice.

Additional assumptions will be introduced as needed in the course of solving the
stated problems.

1.2. Rotor marking, unbalance characteristics. Fig. 1 shows the diagram (and
marking) of the rotor, which is required for use in algorithms for calculating complex
numbers [3].

i1

1
1
i AZ
1
1
®
P
1
1
1
1
1

N
-~

Figure 1- Rotor scheme

Source: developed by the authors
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In the Fig. 1: 1 — rotor; 2 — shaft; 4 — left trunnion; B — right trunnion; I — first
correction plane; I — second correction plane; C — zero mark; o — rotor angular speed.

Let us introduce a rectangular Cartesian coordinate system so that the x- axis lies on
the axis of rotation of the rotor and is directed in the direction from which the
counterclockwise rotation is visible. The y- axis is directed perpendicular to the axis of
rotation in the direction of the mark, and the z- axis so that the coordinate system is right-
handed. Two correction planes, I and II, are introduced. The dynamic unbalance of the rotor
will be determined within these planes.

Rotor unbalance U; in the correction plane j shown in fig. 2 [3].

Figure 2— Rotor unbalance in the correction plane j
Source: developed by the authors

The direction of the unbalance vector U; is determined by the angle ¢; between the y;
axis (parallel to the y axis) and the unbalance vector U; As is customary in balancing
technology, the angle is calculated in the direction of rotor rotation [3].

The unbalance U;is formed by a point mass Q; installed at a distance R; from the
longitudinal axis of the rotor. The modulus and projections of the unbalance onto the
coordinate axes y, z:

U,=0R,

j b

U,=U;cosp,, U, =U,cos0,,/j=12/. (1)

The rotor unbalance vector in the correction plane j will be defined by a complex
number written in algebraic, trigonometric or exponential form:

U,=U, +iU, = U, coso, +iU,sing, =U,e", /j =12/, (2)
where:
i=v-1, " =cosq, +ising,, /j=1,2/. (3)

It is assumed that a balancing device, stand, or machine is available that
enables the determination of rotor dynamic unbalance in the form (2). The method of
determining the unbalance, the type of balancing equipment, the design of the machine or
stand, and the type of vibration sensors are not considered critical.

2. Research results

2.1. Methods for determining mass and aerodynamic (hydrodynamic) unbalances of a
propeller

2.1.1. Using the dependence of the aerodynamic (hydrodynamic) unbalance of the
propeller on the density of air, gas or liquid
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po be measured during normal propeller operation, and the total dynamic unbalance of
the propeller in two correction planes:

U0, =001 +U0\", /j=1,2/. 4)

In (4) on the left are measured (known) quantities, and on the right are unknown
quantities, with the index “m” representing mass unbalance, and the index “a” representing
aerodynamic (hydrodynamic) unbalance.

Let the density of the air, gas, or liquid be changed to a new value, pi. This will result in a
change in the overall dynamic unbalance and specifically in its aerodynamic (hydrodynamic)

component:
UL, =00 +U1Y", /j=1,2/. (5)

In (5), it is considered that the mass unbalance will not change when the air density
changes.

In [5] it is shown that aerodynamic (hydrodynamic) unbalance is directly proportional
to the density of air, gas (liquid). Therefore:

U1 =k U0\, /j=1,2/. (6)
Where
k, =pl/p0. (7)
Substituting (6) into (5), we obtain:
_ (m) (a) -
Ul, =U0;" +£ U0, /j=12/. (8)

Based on equations (4) and (8), the following formulas are obtained for determining
the mass and aerodynamic (hydrodynamic) unbalance components under normal propeller
operating conditions:

U0 k& -Ul, Ul, -U0,

UY=L T g ==L 21,2, 9
f k-1 P e ®)

P

Consider the case of an air propeller. Within the framework of the molecular-kinetic
theory of an ideal gas [25], the density of the gas is:

p=m/V=p-M/(R-T), (10)

where: p — pressure, T — temperature, M is the molar mass of the gas; R is the universal
gas constant.

From (10) the following paths of change in air (gas) density follow:

1) pressure change;

2) temperature change;

3) replacement with another gas with a different molar mass.

2.1.2. Using reverse

Let the total dynamic unbalance of the propeller under normal operating conditions be
measured, as expressed in equation (4). Let the total dynamic unbalance also be measured
during reverse operation of the propeller. In this case, it can be reasonably assumed that the
aerodynamic (hydrodynamic) unbalance changes its direction to the opposite. Therefore, the
total dynamic unbalance of the propeller under modified conditions is given by:
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—170"™ (@) ;
UL, =00 -U0'", /j=1,2/. (11)
From (4) and (11) we find:
U0\ =(U0, +U1,)/2, U0 =(U0,-U1,)/2, /j=1,2/. (12)

Note that this method of determining the components of propeller unbalance is
applicable to both air and water propellers.

The substantiated technical solution is protected by a Ukrainian patent for a utility
model [28].

2.1.3. Using the ground effect

Let the axial aerodynamic (hydrodynamic) force Fo and the total dynamic unbalance of
the propeller be measured during normal operation, as defined in equation (4).

Now, let a screen be placed either in front of or behind the propeller. Under these
modified conditions, let the axial aerodynamic (hydrodynamic) force F: and the
corresponding total dynamic unbalance of the propeller be measured:

UL, =00 +U1Y", /j=1,2/. (13)

It is considered here that the mass unbalance will not change when the screen is
installed.

We will assume that the aerodynamic or hydrodynamic unbalance has increased in
direct proportion to the increase in the axial aerodynamic or hydrodynamic force:

(@) _ (a) _ .
Ulj —keUOj , k,=F1/F0>1, /j=12/. (14)
Then equation (13) will assume the following form:
— (m) (a) .
Ulj —UOj +keUOj , 1j=1,2/. (15)
From (4) and (15) we find:

o U0k -UL _UL-U0,
U0 =—i¢ — 0 pgo=—L —0 /i=12/. (16)
J k —1 J k-1

e

Note that this method of determining the components of propeller unbalance is
applicable to both air and water propellers.

The substantiated technical solution is protected by a Ukrainian patent for a utility
model [29].

2.1.4. Generalized mass equivalent of aerodynamic (hydrodynamic) unbalance

Let the aerodynamic (hydrodynamic) unbalance of the propeller under normal
operating conditions be determined using one of the proposed methods. Considering
equations (6), (11), and (14), the mass equivalent of the aerodynamic (hydrodynamic)
unbalance under modified operating conditions of the propeller is determined by the
following formula

(a) _ (a) -
UL" =k k kU0, /j=1,2/. (17)
In (17): k, considered only when installing the screen, otherwise &, =1;

k, = sign(ol/ ®0), (18)
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where ®0 is the angular speed of rotation of the propeller under normal conditions, and ®l is
the angular speed of rotation of the propeller under changed conditions.

This mass equivalent simultaneously considers the change in aerodynamic
(hydrodynamic) unbalance from: change in specific gravity of air, gas or liquid; reversal;
ground effect. It shows a significant difference between aerodynamic (hydrodynamic)
unbalance and mass unbalance. It can be used to model the motion of machines and devices
with propellers.

2.2. Assessment of the effectiveness, accuracy and complexity of implementing
methods for determining propeller unbalances

2.2.1. Assessing the impact of pressure changes

The method based on pressure variation is applicable only to air propellers. According
to equation (10), the density of air (gas) is directly proportional to the pressure. If the air
propeller operates in a special chamber with modified pressure, it becomes possible to
identify the individual components of the total unbalance of the air propeller. Let the pressure
change by &, times. Then from (10) it follows that the density of air (gas) will also change by

kp times. Then:

k, =k, (19)
and formulas (9) will assume the following form:
U0 .k, -Ul. Ul.-U00.
UO(/«m) — JjoP J , (ja) — J J , /J — 1,2/ (20)
' kp—1 ' ky,—1

The pressure in the chamber can be increased or decreased. In high vacuum &, ~ 0,
formulas (20) take the simplest form [14]:

U0 =u1, U0 =U0,-Ul, /j=12/. (21)

Indeed, in a vacuum there are no aerodynamic forces or aerodynamic unbalance.
Therefore, the total unbalance measured in a vacuum coincides with the mass unbalance. In
engineering and applied physics, a vacuum is understood as an environment consisting of gas
under a pressure lower than atmospheric [26]. In production conditions, the use of a low
vacuum region (Low vacuum p=10°~1 mbar). In this case, the pressure in the chamber must
be at least 30% less than atmospheric. A person can work in such conditions.

The substantiated technical solution is protected by a Ukrainian patent for a utility
model [30].

2.2.2. Assessment of the impact of changes in air (gas) temperature. The method using
temperature change is applicable only for air propeller. From (10) it follows that the density
of air (gas) is inversely proportional to temperature. If the air propeller will operate in a
special chamber with a changed temperature, then it will be possible to determine the
individual components of the total unbalance of the air propeller. Let the temperature change
by k, times. From (10) it follows that the density of air (gas) will change by 1/ &, times, whence:

k,=1/k,. (22)
Then formulas (9) will assume the following form:

U0, - Ul k, @ _ (U1, -U0))k,

, L /j=12/. 23
1~k J 1~k / &)

(m) _
Uo.f -
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Let us consider how the change in air (gas) temperature affects aerodynamic
unbalance. Normal conditions correspond to a temperature of 0° C (273.2 K). Let the
temperature in the special chamber be changed to +50° C (323.2 K). Note that at such a
temperature it will be difficult for a person to work in the chamber. The temperature
difference is very significant and is AT = 50° C. But k, =1/k, =273.2/323.2=0.845 and the

air density will change (decrease) by only (1-0.845)-100=15.5%. Therefore, it is not advisable
to use the change in air temperature to determine the unbalances of the air propeller.

The substantiated technical solution is protected by a Ukrainian patent for a utility
model [31].

2.2.3. Assessment of the effect of replacing air (gas) or liquid with a gas or liquid of a
different density

The method involving the replacement of air (gas) or liquid with a medium of different
density is applicable to both air and water propellers. In this case, air (gas) can be substituted
with a liquid (e.g., water), and vice versa. If the air propeller operates in a special chamber
filled with another gas, it becomes possible to isolate and determine individual components of
the total unbalance of the air propeller. Let the density of the other gas be k,, times greater or

less. Then:
k,=ky, (24)
and formulas (9) will assume the following form:

U0 k, —UL Ul -U0,
Vi Y U (?):#, /J:1,2/ (25)

k,-1 =~ 7 k, —1

(m) _
UO./ -

Below is Table 1, which compares air density with water densities and some gases
under normal conditions [27].

Table 1- Comparison of air density with the densities of water and some gases under
normal conditions [27]

No. | Gas (liquid) Density, kg/m’ Ratio to air density ku
1 Helium 0.178 0.138

2 Neon 0.900 0.696

3 Air 1.293 1.000

4 Argon 1.784 1.380

5 Carbonaceous 1.977 1.529

6 Krypton 3.743 2.895

7 Water 1000.000 773.395

Source: compiled by the authors using the source [27]

Table 1 lists the cheapest and most explosive gases. The substantiated technical
solution is protected by a Ukrainian patent for a utility model [32].

4.2.4. Evaluating the use of reverse rotation or ground effect

Reverse rotation of the propeller most significantly changes the aerodynamic
(hydrodynamic) forces, which increases the accuracy of determining the components of the
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total unbalance. But the assumption that the aerodynamic (hydrodynamic) unbalance during
reverse has changed direction to the opposite will be sufficiently accurate only for a propeller
with flat symmetrical blades. Therefore, non-flat and asymmetrical blades are a source of
error in determining the components of the total unbalance.

The use of the ground effect at low air or fluid velocities can increase aerodynamic or
hydrodynamic forces by up to a factor of two. This enhances the accuracy of identifying the
components of total unbalance. However, it is known that the presence of a screen shifts the
center of pressure toward the trailing edge of the blade, which in turn reduces the accuracy of
determining the individual components of total unbalance.

4.2.5. Comparison of the complexity of the designs of stands for determining propeller unbalances

Fig. 3 shows a variant of the stand for determining the mass and aerodynamic
unbalance of the propeller (axial fan impeller) by any of the proposed methods.

3

14

L4
T

Figure 3 — Possible version of the stand for determining the mass
and aerodynamic unbalance of the propeller
Source: developed by the authors

Fig. 3 shows a propeller 1, which has two correction planes 2, 3, in which the propeller
unbalance is determined. The propeller is installed on a stand 4. The stand has a shaft 5, on
which the propeller is mounted. The shaft rotates in a forward or reverse direction by an
electric motor 6. The electric motor is supported by two elastic movable supports 7, 8. Two
vibration sensors 9, 10 are installed near the supports. The beginning of a new shaft rotation is
recorded by a speed sensor 11. The balancing device 12 receives and processes signals from
the vibration and speed sensors, calculates the dynamic unbalance of the propeller in two
correction planes. The axial force is measured by a dynamometer 13. A screen 14 is used to
create the ground effect.

Vibration sensors can be accelerometers, vibration velocity or vibration displacement
sensors. It does not matter in principle which balancing device, by which algorithm and by
which method the dynamic unbalance of the propeller is determined. But the best way to
determine dynamic unbalance may be the method of three test starts [3].

When using methods for determining propeller unbalances based on changes in air and gas
density, reverse propeller rotation, mobility of elastic supports, dynamometer and screen are
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not used. These elements can be removed from the design of the stand. But to implement the
methods, a chamber is required for changing pressure, temperature or replacing air or gas.
This complicates the implementation of the methods.

When using the method based on reverse propeller rotation to determine unbalances,
elastic support mobility, a dynamometer, and a screen are not required. These components can
be excluded from the stand's design. This makes it the simplest method to implement.

The most complex stand design is associated with the method that utilizes the ground
effect. However, the implementation of this method does not require an additional vacuum
chamber.

Conclusions

1. To determine the mass and aerodynamic (hydrodynamic) unbalances of a propeller,
it i1s sufficient to measure the dynamic unbalance of the propeller twice using a balancing
device. The first measurement is performed under normal operating conditions, and the
second under modified conditions that significantly affect the aerodynamic (hydrodynamic)
unbalance while leaving the mass unbalance unchanged. In this way, the mass equivalent of
the aerodynamic (hydrodynamic) unbalance can be determined.

To improve the accuracy of identifying the components of the total unbalance, it is
recommended to alter the propeller’s operating conditions in such a way that the aerodynamic
or hydrodynamic unbalance changes by at least 30%.

The following modifications to the operating conditions are considered effective:

— altering the density of air, gas, or liquid;

— reversing the direction of propeller rotation;

— installing a screen either in front of or behind the propeller.

In turn, changes in the density of the working medium can be achieved by:

— replacing air, gas, or liquid with another gas or liquid, including substitution of air or
gas with a liquid, and vice versa;

— changes in air or gas temperature for air propellers;

— changes for air or gas pressure propellers.

2. Among these methods, the highest potential accuracy is offered by those based on
replacing the fluid medium with one of a different density. However, for air propellers, the
method based on temperature variation is difficult to implement due to the need to achieve a
temperature change of more than 70°C.

Reverse rotation of the propeller changes the direction of aerodynamic or
hydrodynamic unbalance vectors to the opposite, though with a certain degree of error. This
error is smaller for flat, symmetrical blades, but the method may still introduce inaccuracies.

The method involving the installation of a screen in front of or behind the propeller
not only alters the magnitude of the aerodynamic (hydrodynamic) unbalance but also slightly
changes its direction. This, too, may introduce errors into the determination of unbalance
components.
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OOrpyHTYBaHHS MeTO/iB BU3HAYEHHSI MACOBOI Ta aepoAMHaAMiYHOI (TiZpoaMHaAMiYHOT)
HE3PiBHOBAKEHOCTi TBUHTA

TeopermyHO OOIPYHTOBAaHO HOBI METOAM OKPEMOrO BH3HAYCHHS MAacOBOI 1 aepOJMHAMIYHOL
(TimpoaMHAMIYHOI) HE3PIBHOBAXXEHOCTI IOBITPSHOTO 4YM TpeOHOro rBHHTA 3 (hikcoBaHMM Kpokom. J[is mporo
3aIpOIIOHOBAaHO BU3HAYATH AWHAMIYHY HE3PIBHOBAXKEHICTH JBIYi: 32 HOPMAJIBGHUX YMOB POOOTH I'BHHTA; 32 3MIHEHUX
YMOB, 3a SIKUX 3MIHIOETHCS JINIIE aepoiiHaMivHa (T1ApOoJHaMIYHa) CKIIA10Ba HE3PiBHOBAKEHOCTI IBUHTA.

3anporioHOBaHI MeToan 0a3yloThCs Ha: 3MiHI TYCTHHM IIOBITpS, rasy a0o piJuHH; 3aCTOCYyBaHHI
PEBEPCUBHOTO OOEpTaHHS TBUHTA; BUKOPHCTAHHI €KpPaHHOTO edekTy. 30Kpema, 3MiHM T'YCTHHH MOXKHA JOCSATTH
IIJISIXOM 3aMiHM poOOYOro Tila Ha TUIO 3 1HIIOIO TYCTHHOIO a0 HUISIXOM 3MiHM HOTO TEMIIepaTypH 4d THCKY.
Teopernuna ocHOBa 0a3yeThCS Ha TAKUX BIACTHUBOCTSIX a€POAMHAMIYHOI (T1JpOANHAMIYHOI) HE3PIBHOBAXKEHOCTI:
BOHA NIPSIMO TIPONOPLIHHNI TYCTHHI CepeloBHINg; ii HANMPSMOK 3MIHIOETHCS Ha MPOTWICKHHUH IPHU 3BOPOTHOMY
o0epTaHHI IBUHTA; ii BETMYMHA 30UIBIIYETHCS, KON Iepest a00 3a TBUHTOM BCTAHOBJIEHO €KpaH (€KpaHHUH e(eKT).
AeponuHamiuHa (TigpoJWHAaMIuyHA) HE3PIBHOBAKEHICTh KITbKICHO BH3HAYA€ThCs SK CKBIBAJICHTHA MacoBa
HE3piBHOBAXKEHICTh, BUMipsiHA OajaHCyBaJbHHM IIPWIAJOM 3a IEBHHUX YMOB POOOTH TBHHTA. 3alpPOIIOHOBaHMI
3aKOH 3MiHH I1i€] HE3piBHOBa)KEHOCTI, 110 3aJIEKUTH BiJl yMOBH POOOTH TBUHTA.

E¢exTuBHICTS IIUX METOIB OIIHIOETHECS Ha OCHOBI iXHBOI MPAKTHYHOI JOMUTEHOCTI Ta TMOTEHIIHHOTO
BIUIMBY Ha TOYHICTh PO3IUICHHS CKJIQJIOBUX He3piBHOBaXkeHOCTeH. Li pe3ynbraTt MOXYTh OyTH KOPUCHUMHM JUIS
PO3pOOKH BJOCKOHAICHNX METOAIB OAJIaHCYBAaHHSI, OL[IHKM 3JIMIIKOBOI HE3PIBHOBAKEHOCTI Ta KOHTPOJIO SIKOCTI
ITi1 yac BUpOOHMIITBA Ta PEMOHTY I'BHHTIB.
TBUHT, 0a1aHCYBaHHs, Oe3IIOTHUI anapar, MiJIOTOBAHUI anapar, 6aIaHCyBaIbHUN NPUCTPIH, eKpaHHuii edpexkr
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