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High complexity and cost of developing flying models necessitate the use of such design and production techniques
that would ensure the best flight technical and technological characteristics of the model also would raise of it opera-
tion effectiveness. These techniques include the experimental control method of flying model’s mass-inertia asymmetry
parameters during final assembly of the model. Solution of the problem of optimization the process of bringing parame-
ters of mass-inertia asymmetry of the conical flying model to specified standards is considered in the article. The only
correction plane is designed to be positioned close to cone face, away from the center mass of the flying model. The
flying model as a component of prefabricated rotor is being balanced in dynamic mode on a low-frequency dynamic
vertical stand, which based on gas bearings. Before balancing experiment the weigh, longitudinal center of mass and
inertia moments of the flying model have to be controlled with use of another measurement equipment. As a criterion of
optimization is sorted the reaching of minimum of the angle of deviation of principal longitudinal centroidal axis of
inertia from geometrical axis of the flying model. But simultaneously the pre-set standard of center-mass shift from the
geometrical axis must be ensured. Balancing algorithm, easy-to-realized by modern computers, is presented. Numerical
illustration of balancing is given. The algorithm enables omitting intermediate steps of balancing, reducing them to one
step (as a rule), and shortening the balancing time, as well. In one step of balancing the engineering model permits
either bringing parameters of mass-inertia asymmetry of the flying model to specified standards, or diagnosing impos-
sibility of attaining the specified standards with available design of flying model. The algorithm and balancing method
are experimentally tested at newly-designed vertical dynamic stand on conical gas bearings. It’s high precision and
efficiency are corroborated.

Key words: mass-inertia asymmetry, balancing stand, axis of symmetry, axis of inertia, moment of inertia, correc-
tion plane, misbalance, algorithm.

PA3PABOTKA Y TECTUPOBAHUE AJITOPUTMA OBECIIEYEHHSI MUHUMAJIBHOI'O YTJIA
OTKJIOHEHHS IJIABHOM HEHTPAJILHOI OCH NHEPIIUM B TPOIECCE BAJIAHCUPOBKH
JIETAIOIIEN MOJIEJIM B OTHOM IJIOCKOCTH KOPPEKIINHA

A. B. Kimrounnkos

Poccwuiickuit henepanbHblil saepHbIA HEeHTp — Beepoceniickuii HayYHO-HCCIIeI0BATENLCKUN HHCTUTYT
TEeXHHUYECKOH (u3nkn uMeHn akaaemuka E. Y. 3ababaxnHa
Poccuiickas ®enepanus, r. CHeXXUHCK, yi1. BacunbeBa, 13
E-mail: a.klyuchnikov@bk.ru

Buicokas CMmoumocmas, CJHOIAHCHOCNTb pa3pa5om1<u Jemarowmux Mooeell 06)/6’]1618]21/[6(1}0?71 HeobxooumMocms npumene-
HUsL Memooos npoexkmupoeanusl u U320moeJlerHusl, Komopvie no3eoauiu bbl  0becneuumo Hauxydywue JiemHo-
mexHuvecKue u mexHojaocudecKkue xapakmepucmuxku Mooenu U MaAKCUMAAbHO NOBLICUMb Qd)d)eKmLJSHOCWZb ee JKkenya-
mayuu. K ucuny maxkux Memooo8 OMHOCUMCS 9KcnepuMeHmaﬂben7 KOHmMpOJlb napamempos Macco-uHepuuonnozl
acummempuu Ha 3aKJar04YUmenbHom amane 06144611 c60p1<u Jzemaiowezl Mmooenu. B cmamove paccmompeHo peuterHue 3a0a-
u onmumusayuu npoyecca npu@edeﬂuﬂ napamvempoe MaCCO-MH@pL;MOHHOIZ acummempuu Jlemaiowezl Mooenu KoHuue-
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CKOUL (hopmbl K 3a0aHHbIM HOpMamusam. Eouncmeennas niockocms Koppekyuy KOHCMpPYKMUGHO pacnonodicena onusu
mopya KoHyca, Ha 3HAYUMENTbHOM PACCMOSHUY OM YyeHmpa macc nemaroujeti mooenu. Banancuposxa remaroujeti mooe-
JIU NPOBOOUMCS 8 OUHAMUYECKOM pedicuMe 8 cocmase COOPHO20 POMOPA HA HUSKOYACMOMHOM OUHAMUYECKOM 8epmiu-
KanbHOM OANAHCUPOBOYHOM CmeHOe ¢ 2a308bimu onopamu. Ileped banancuposkoil macca, npoooIbHOe NON0JCEHUe
yenmpa Macc u MOMeHmMbvl UHepYUU 1emarouell Mooeau OOJIHCHbI Oblmb Onpedesienbl IKCNEPUMEHMANbHO C UCHOIb30-
8anuem Opy2020 UsMepumenbHo20 0bopyoosanus. B kayecmee Kpumepus onmumMu3ayuy NPUHAMo 00CMud CeHue MUHU-
MANBHO20 Yena OMKIOHEeHUS NPOOOJbHOU 2NIABHOU YEHMPALbHOU OCU UHEPYUU OMHOCUMENbHO 2e0Mempuieckoli ocu
Jemaroweli Mooeau npu 0OHOBPEeMEHHOM 0becnedeHUul 3a0aHHO020 HOPMAMUEa no eeluduHe CMeweHUs YeHmpa mMacc ¢
motl dice eeomempuyeckoli ocu. B pabome npedcmaenen ancopumm 6anancuposKu, 1e2ko pearu3yembili Ha CO8PemMeH-
HbIX Komnvlomepax. [Ipueedén yuciogoi npumep 6arancuposKu. Aneopumm no3goisem UCKIOUUmMb NPOMENCYMOYHbie
wazu 6araHcuposKU, COKPAMUE YUCio uazo8 6ailaHCUposKy, KaKk npasuio, 00 00H020 wazd, d Makdice COKPamus epems
nposedeHus DANAHCUPOBOUHO20 IKCHEPUMEHMA. 3a 00uH waz OANaHCupoBKU ANOPUMM NO360Jsem aubo npusecmu
napamempol Macco-uHEPYUOHHOU ACUMMEMPUU Temaloujell MoOeiu K 3a0aHHbIM HOPMAMUBAM, U0 OUASHOCMUPO-
8aMb HEBO3MONICHOCHb OISl KOHKPEMHOU KOHCMPYKYUY Jemaioweil Mooenu obecnedums 00CmudiceHue 3a0aHHbIX Hop-
MAmMugos.

Kniouesvie cnosa: macco-unepyuonuas acummempus, OALIAHCUPOBOYHDBIU CMEHO, OCb CUMMEMPUU, OCb UHEPYUl,
MOMeHm UHepyUul, YeHmp Macc, NIOCKOCHb KOppeKyuu, OUcoanianc, aneopumm.

Introduction. This article continues the work [1; 2],  bration of the upper and lower supports, proportional to
in which the problem of balancing in the dynamic mode the values and angles of the imbalance vectors are carried
with the minimum displacement of the center of mass out during spool down of the assembled rotor at a con-
from the geometric axis stabilized by rotation of the coni-  stant operating speed [10; 11]. Firstly, the methodology
cal flying model (LM), the cone of which is characterized involves bringing the controlled FM to a state of qua-
by a small half-angle of the solution, was considered. sistatic imbalance, and then modeling the state of momen-
Balancing is performed at the final stage of the general tary imbalance (excluding the transverse displacement of
assembly of the model. In accordance with the algorithm  the center of mass) with the calculation of the assumed
given in [1], the model is balanced as a part of a prefabri-  skew angle of the longitudinal MCAI relating to geometry
cated rotor, on a low-frequency dynamic balancing stand axis X of the model. If this angle does not exceed the ad-
with gas supports and a vertical axis of rotation [3; 4]. missible limit value, then the parameters of the balancing
The balancing process involves the determination and  weight are calculated and the mass of the FM is adjusted.
subsequent reduction of the parameters of mass-inertial  And if it exceeds, then the estimated (at the same time as
asymmetry of the model, which include the value of the the minimum possible for this version of the model lay-
transverse displacement of the center of mass from the out) transverse displacement of the center of mass is cal-
geometric axis and the angle of deviation of the longitu- culated, setting the value of the skew angle of the longitu-
dinal main central axis of inertia (SCOI) relative to the dinal center for equal to the admissible limit value. If at
same axis [5; 6], to the values not exceeding the maxi- the same time, the estimated skew angle of the longitudi-
mum permissible values specified in the operational nal MCAI does not exceed the specified admissible limit
documentation for the model. The presence of a single value, then the parameters of the balancing weight are
correction plane does not allow to fully combine the lon-  calculated and the mass of the FM is adjusted. Otherwise,
gitudinal GCI with the geometric axis of the LM, which is  the balancing is stopped, and the FM is sent to the manu-
usually chosen as the construction axis. A balancing op-  facturer for re-arrangement. The method is protected by
tion with optimization according to the criterion of patent of the Russian Federation under No. 2499985 [12].
achieving the minimum center of mass displacement for a However, there are flying models including that have
particular LM design is usually chosen, given the signifi- a conical shape of the hull. To ensure dynamic stability
cant effect of this parameter on the flight performance of and the operating efficiency it is more preferable to
the model [7]. minimize the skew of the longitudinal MCALI relating to

Bringing the parameters to specified standards is car-  the geometric axis (while fulfilling the specified standard
ried out by adjusting the mass of the model. For these for the magnitude of the transverse displacement of the
reasons a balancing weight is attached to the standard center of mass). This article proposes to consider a modi-
plane of the model correction, which is located, as a rule, fication of the FM balancing algorithm [7; 12], which is
at the end (or near the end) of the conical FM at a consid-  aimed at solving the balancing problem by reducing the
erable distance from its center of mass. In this case, the = mass inertial asymmetry parameters to values not exceed-
mass and angular position of the balancing weight is cal-  ing the specified admissible limit values of these parame-
culated according to the results of measuring the imbal-  ters, but using the optimization according to the criterion
ance vectors acting in two — in the upper (standard) and  of achieving the minimum possible for a controllable de-
lower (hereinafter referred to as B and H, respectively) sign of longitudinal MCALI in relation to the geometric
correction planes of the combined rotor, which includes a  axis of the model. A variant of the problem is considered
controlled model [8; 9]. As the lower correction plane, the =~ when there is a priori information about the mass, the
lower end of the specialized technological adapter is used,  longitudinal position of the center of mass relating to both
inside of which the FM is vertically installed with droop  correction planes and the moments of inertia of the con-
in nose. Measuring the amplitudes and phases of the vi-  trolled model obtained using other equipment and meas-
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uring instruments [8; 13; 14], as well as the balancing
coefficients of the measuring system obtained when set-
ting up the stand for the control object using test weights
[15; 16].

Balancing algorithm. The proposed algorithm as-
sumes that two initial starts of the assembled rotor are
made with the FM rotated 180 degrees around the
geometric axis inside the process adapter. Based on the
results of measuring the vibrations of the supports, the

pacH DMACH (a1
B H

ing in the correction planes) are calculated, as well as the

initial parameters of the radius-vector p of the transverse

parameters of initial imbalances and

displacement of the center of mass and the vector-angle of
the longitudinal MCALI of the model o, relative to its

geometric axis by formulas are also calculated [15]

ﬁNACH _ DIQJACH +D£1/ACH ) (1)
M 2
R NACH R NACH
~ 1 ) 2{D Xp—D X
a%ACH :Earcsm ( 5 BAI il H), 2)

where M — model mass, Al =1, -1, — difference be-
tween equatorial /, and axial /, moments of model iner-
tia, x; u x; — the distance from the center of the model

mass to the upper and lower correction plane, respec-
tively. Then a balancing calculation is performed if the
initial value of at least one of the parameters characteriz-
ing the asymmetry in the initial mass distribution of the
FM exceeds the corresponding maximum permissible
value p,,, O oy, , specified in the operational docu-

mentation for the model. In the process of calculation, the
effect of imbalances in the correction planes modeling the
intermediate states of the unbalanced FM is simulated.
The results of the calculation are: either the determination
of the mass and angle of installation of the balancing
weight (its attachment to the standard plane allows to cor-
rect the mass of the FM, ensuring that the values of the
monitored parameters are adjusted to the specified stan-
dards with optimization according to the criterion of
reaching the minimum possible angle of skew of the lon-
gitudinal MCAI relative to the geometric axis of the
model), or evidence for being unable to provide simulta-
neously two controlled parameters of mass-inertial
asymmetry for the given model layout according to the
given standards [7].

At the first step of the algorithm of balancing calcula-
tion, it is assumed that the FM is put into a mode of quasi-
static imbalance, that is when its geometric axis and lon-
gitudinal MCALI intersect, but not in the center of mass.
This allows for further calculations to operate exclusively
with collinear imbalance vectors acting in opposite cor-
rection planes. In order to put the FM into a quasi-static
imbalance mode, the effect of the initial imbalance in the
upper (regular) correction plane should be eliminated,
specifying in it, as was shown in [2], compensating for an

COMP

imbalance [)B equal in value, but opposite in the di-

/A

rection of the initial imbalance D}*“" . In this case, in the

lower plane of the correction according to figure an addi-
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tional imbalance will be formed, which is directed oppo-

site to the imbalance DA™ value of which is deter-

mined by the following formula

DPL1 _ nCOMP
DH _DB 'KHBs

3

where K,; — influence coefficient of the upper plane of

correction on the lower plane of correction in case of im-
balance in the upper plane of correction, determined
experimentally during the pre-adjustment of the stand

[15-17]. Shift of balance Dgpu , in turn, create imbal-
ances DEOMP of equal geometrical sum of imbalances
Dgpm " DgACH

lower correction plane according to the following formulas

, instead of imbalance Dj*“ in the

2 2
NACH DPL1 NACH DPL1
DYACH | pPPLY | o pNACH pDPLL

DM = D@
NACH _ qDPL1
x cos (B — Bl
. aNACH | .. aDPLI
BCOMP _ arctg sinPy " +sinPy 5)
H - B
cosBIAH 1 cospart!
NACH NACH .
where “H and By CH _ phase angles of imbalances

D" w DRPM' respectively. In this case, since there

will be no imbalance in the upper correction plane, the
longitudinal MCALI will intersect with the geometric axis,
and the transverse displacement of the center of mass of
the FM will be characterized by the following value

pcomp
“ (6)
M

At the second step, the transfer of the FM to the re-
gime of static unbalance should be simulated, that is when
the longitudinal MCALI is parallel to the geometric axis

and there is no skew between these axes. To do this, the
HKORR
B

COMP
p =

corrective imbalance must be set in the standard

correction plane, in accordance with fig., codirectional
imbalance and defined by the following formula
DgOMP

CORR _
CORR =

(7

1+ K,
In this case, an additional imbalance will be formed in
the lower plane of correction D};P L2 opposed to imbal-

ance D5?®® and defined by the following formula

DPL2 _ CORR
DH _DB KHB .

@®)

This, in turn, will lead to the formation of an imbal-

ance correction in the lower plane D5°** (instead of im-

balance EEOMP) of equal sum of the opposing imbalances

DO and DSP*R . Amount of unbalance D5** will

be determined by the following formula
CORR COMP _ DPL2
DEORR = pSOMP _ ppri2

©

DSP*® and

Equality of equipolence imbalances
DSPRR provides the elimination of the skew of the longi-

tudinal MCAI with respect to the geometric axis and the
transfer of the FM to the mode of static imbalance.
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Diagram of counterbalancing calculation

Jlmarpamma GaslaHCHPOBOYHOTO pacuéra

In this case, the estimated value of the residual trans-
verse displacement of the center of mass from the geo-
metric axis of the FM, which will appear as a result
of eliminating the transverse displacement of the center
of mass, can be calculated by the following formula

CORR
corr _ 2Dy

YA (10)

If the condition p“?** < Paop 1s met, the value Dt

BAL

is defined and the angle position oy~ balancing imbal-

ance vectors DgAL , using the corresponding parameters
of the unbalance vectors simulated in the regular correc-

tion plane B D§®* u DR

Balancing vector parameters Dj'" can be calculated
using the following formulas in accordance with the fig-

ure representing the geometric sum of imbalances DgOMP
and DS~
2 2
DCOMP® | hCORR® | » 1yCOMP [y CORR
D BAL _ B B B B . (1 1)
B - 5
MP RR
X cos(ago —as? )
sin o S2M" + sin 0. SORF
a4t = arct 8 B (12)
B g COMP CORR *
cosaly  +CoSOy
MP RR
where a$?” and a$?®® — unbalance phase angles
DgOMP and DgORR respectively. Then for the case
OST _ _CORR .
aPT =0, p®' =p <Py the mass of the balancing

weight is calculated according to the formula

BAL
sar _ Dp

, (13)

s

herewith the installation angle of the balancing weight on

L

the upper (standard) correction plane (pBA will match the

BAL

phase angle a"" of imbalance DgAL.

Hereafter the FM mass is adjusted by attaching the
balancing weight to the balancing plane B, thereby ensur-
ing that both parameters of the mass-inertial asymmetry
are brought to values not exceeding the maximum permis-
sible values. In this case the skew of the longitudinal

MCALI relative to the geometric axis is eliminated. How-

KORR

ever, in case the value p exceeds the maximum per-

missible value p,,, , it is necessary to calculate the esti-
mated minimum possible deviation angle of the longitu-
dinal MCAI relative to the geometric axis o y ., , Which

can be achieved by changing the imbalance in the correc-
tion plane B while reducing the transverse displacement
of the center of mass of the FM to the admissible limit
value p,,, according to the formula

1 .
OLXmm—Earcsm X

(PaopM ~DG™") (

_ peomp . 14
kL x| (14)

Xg +KHBxH)

Al

In case the reported value o, .., will exceed the
specified admissible limit value, the balancing experiment
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is terminated, and the FM will be rejected and sent to the
manufacturer for rebuilding due to the calculation that
there is no possibility of simultaneously bringing the
magnitude of the displacement of the center of mass and
the angle of deviation of the longitudinal MCALI relating
to geometric axis to values not exceeding the specified
maximum admissible limit value. Otherwise, if the ine-
quation |0L Xmin| < 0 yy,, 18 correct, the value of the imbal-

DCORR

ance vector Dy -,

ensuring the achievement of the

minimum value |oc X mm| when setting the displacement of
the center of mass equal to p,,, is determined by the
formula

COMP
— DH

DCORR PaopM ’ (15)

Bloy min l R‘
/]

at the same time, a positive calculation result will mean
CORR

that the directions of these imbalances Dgg — ~ and
DgORR coincide, while a negative result, on the other

hand, indicates that their directions are opposite. Due to

the mutual influence of the correction planes, an imbal-
HCORR

ance Hlot x min

will appear in the correction plane H,

which is co-directed to the imbalance D", the value
of which is determined by the formula

CORR

_ ncomp ~DPL3
Hloy min — DH + DH ’

(16)

JIPL3

DA™ —is a value of additional imbalance DJ

(not shown in fig. 1), appearing in the correction plane H
HCORR
Bl x min
correction plane B and oppositely directed imbalance
A CORR
Blowy min

where

as a result of the effect of an imbalance in the

. DPP s determined by the formula

CORR
=D

DPL3
DH Blotx min

1B - (17
BAL

Hereafter, the value DBIaXmm

and the angular position

BAL

NBAL
(xB‘aXmin D

of the vector of balancing imbalance Dy~

the

of the imbalance vectors D§ %%
0 X min

are determined using appropriate  parameters

and DSM*
in the balancing plane of correction B. After that,

BAL
X min

modeled

the mass of the balancing weight m, is determined,

the which setting is carried out in the angular position
corresponding to the angular position of the imbalance
7 BAL
Blox min *
To determine the value of the balancing imbalance,
mass and setting angle of the balancing load, the follow-
ing formulas are used:

2 2
DgOMP + DCORR + ZDgOMPDCORR
n

X
BAL _ Blotx m Blotx min (1 8)
Blevmin 41 COMP __COPP ’
cos\ Op Bio.x min
CORR s RCORR
where o, —unbalance angular position Dgg
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sina M +sina g2tk
BAL _ t [0 ¥ min_ . (19)
Bloy i — AICLE COMP CORR
cosalg +00sOlgg
min
BAL
BAL  _ Bloy min
B‘“Xmin - 7 ) (20)
B

After that, the mass of the FM is adjusted by attaching
the balancing weight to the balancing plane B, ensuring
that the setting angles of the balancing weight and the
vector of the balancing unbalance coincide, and confi-
dence firing of the assembled rotor is performed to con-
firm the correctness of the calculation. Based on the re-
sults of the confidence firing, the parameters of residual
DT DosT
ing correction planes after setting the balancing weight
are determined, and the residual mass and inertial asym-
metry parameters are calculated according to a formula
(neglecting the mass of the balancing weight, as it is ob-
viously practically insignificant compared to the mass of
the controlled FM):

imbalances and operating in the correspond-

=OST | ROST
OST:DB +Dy .

p — 2
2( DOST . — PHOST
d)O(ST = %arcsin ( r BAI el ) (22)

The performance of the considered algorithm can be
estimated using a specific numerical example.

Example of calculating the balance weight. The
balancing of the FM will be calculated with the following
values of the task parameters:

— model mass M = 100000 g;

— distance from the center of mass of the FM to the
upper correction plane x, =570 mm;

—radius of the upper correction plane r; =200 mm;

— distance from the center of mass to the lower plane
of correction x,; =800 mm;

— difference between the equatorial and axial moments
of inertia A/ = 8,5:10° gmm?;

—admissible  limit value of the transverse
displacement of the center of mass p,,, =0,1 mm;

— admissible limit value of cramp angle of MCAI
O ygop = 10'=0,166667°;

— influence coefficient of the upper correction plane
on the lower correction plane in case of imbalance in the
upper correction plane Ky =0,3;

—initial imbalance in the upper correction plane

Dg’ACH = 25000 g'mm, phase angle ochCH =80°;
—initial imbalance in the lower correction plane
D}{VACH = 10000 g'mm, phase angle BZACH =115°,

—whence the initial values of the asymmetry
parameters of the masses of the FM in accordance with
(D um(2):

pMCH = 0,34 mm;

—~ NACH _
Gt =3 62"

Since it was found that the initial values of the
parameters of mass-inertial asymmetry exceed the
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specified admissible limit value, we carry out a balancing
calculation to achieve the conditions

OST _ .
Oy =0 xmin < 0()(afop >

OST (23)
p < pdop'

We transfer the FM to the state of quasistatic
imbalance, for which we introduce an imbalance DIEOMP

with parameters DgOMP = 25000 g'mm, phase angle
aiOMP =260 °, compensating for the effect of the initial
imbalance BgACH in the upper correction plane. An

additional imbalance Dj,” “!" will appear in the lower
correction plane, the value of which in accordance
with (3) will be ng = 7500 g'mm, and the phase angle

DPLL = 80 °. The imbalance Dj™' in total with the
imbalance D},VACH in accordance with (4) and (5) will

form an imbalance DS in the lower correction plane

with the parameters: D5

COMP
H

= 16707 g'-mm, phase angle

= 97.5°. Whence transverse displacement of the

center of mass of the FM, in accordance with formula (6),

COMP

total p = 0.167 mm, which exceeds the specified

value despite the presence of a skew of the longitudinal
MCAL

Using (7) we calculate the parameters of the corrective
DEorR

imbalance , the action of which in the upper plane

of the correction will eliminate the misalignment of the
longitudinal MCALI relating to the geometric axis of the

controlled flying model: DZfORR

RR
angle a5”

= 12851.5 g'-mm, phase
=97.5 °. In this case, in accordance with (8)
D]gPLZ
in the lower correction plane due to the interaction
of the correction planes with the parameters: D};P L2 =
= 3855.5 g'mm, phase angle B5"** = 277.5 °. This, in
turn, in accordance with (9) will cause an imbalance

a new additional imbalance vector will be formed

DiP®® in the lower plane of correction with
the parameters: DgORR: 12851.5 g'mm, phase angle

CORR —97.5°,

To fulfill the condition a$”*F = 0, arising from the

equality of the values of the co-directed imbalance vectors
DSOR® u DSO*R | the estimated transverse displacement
of the center of mass from the geometric axis of the FM in
accordance with expression (10) will be p“?*% =0,257 mm,
which exceeds the specified admissible limit value p,,, .

Using formula (14), we calculate the minimum skew
angle of the longitudinal MCAI o , ... , not exceeding the

value o ,, Wherein it is possible to provide a value of

the transverse displacement of the center of mass for this
FM design equal to pg,, . As a result of the calculation,

we shall obtain: o, = -8.5' i e. inequality

75

|0L Xmm|£ot xaop Will be correct. In this case, the minus

sign indicates the inclination of the longitudinal MCAI
with its upper end towards the geometric axis of the FM.
We shall define the value of the imbalance vector

~CORR
DB‘aXmin

achievement of the value |oc Xmin| , according to the for-
mula (15). We shall obtain: Dgg™® = 9581,4 g'mm,

,’;Z’jfmm = 277,5°. The value of imbalance

in the plane of correction B, ensuring the

phase angle a

DKORR

NKOMP
D
Hiowy min H

which is co-directional to imbalance
DCORR

we shall define according to the formula (16): Hlay min

CORR

— o
Hioy s = 27,57 Moreover,

=19581,4 g'-mm, phase angle 3
the value of the additional imbalance Dj,"” L3 oppositely
directed to the imbalance D;giﬁm , will be defined as

following (17): Dgp L3 = 28744 g'mm, phase angle

DPL3 _
o =97,5°.
Using the corresponding parameters of the simulated
. 7 CORR R COMP
imbalance vectors Dy, and Dy~ , we shall deter-

mine the value and the angular position of the vector of
the balancing imbalance Dgﬁi .. in the regular correc-

tion plane using formulas (18) and (19): Dg‘fli I
=34259.3 g'mm, phase angle agﬁfmm =268.75 °.

In accordance with (20) the mass of the balancing

BAL
weight will be Mp, = 171.3 g, and its setting angle

BAL

(0} _in the correction plane B will coincide with the
Blotx min

gffxm , 1. e. will be equal to 268.75 °.
To assess the correct operation of the considered algo-

rithm, we shall make sure that the estimated value of the

CALC
‘O"X min

angle a

displacement of the center of mass p will be a value

close to p,,, after attaching the weights to the FM.

DBAL

Imbalance value Dy’

(not shown on figure), op-
positely directed to imbalance ocg‘ffX .., appearing in

place of imbalances DP™' and DA™ in the plane of

correction / as a result of the imbalance D‘%]}( ., can be
min

determined by the formula

DBAL _ nBAL
Hlox min Blot x min

B - (24)

Thus: Df}fomein = 10498,8 gmm, phase angle
4
B g‘éX min
ment of the center of mass of the FM, omitting the mass
of the balancing weight (as insignificantly small), will be
defined by the formula:

= 88,75°. The calculated value of the displace-

RNACH | BNACH , 73BAL 7 BAL
CALC DB + DH + DBlaXmin HIoy min
Plory = .29
X min M
We shall obtain: pﬁ’jﬁin = 0,11 mm, which practically

corresponds to the set value p,,, .
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Thus, as a result of the calculation carried out accord-
ing to the proposed algorithm, the required parameters of
the balancing weight were found, the installation of which
ensures the fulfillment of condition (23) with a deviation
of the longitudinal MCALI from its geometric axis as low
as practicable for this FM. Good consistency of the calcu-
lated data is confirmed, which proves the correctness
of the balancing calculation.

Conclusion. The considered balancing algorithm for a
conical flying model in dynamic mode using a single cor-
rection plane structurally located at a considerable dis-
tance from the center of mass of the model, with optimi-
zation according to the criterion of achieving the mini-
mum skew angle of the longitudinal main centroidal axis
of inertia, complements the algorithm [1; 2; 12]. The al-
gorithm has been pilot tested with getting positive results
on a newly designed vertical dynamic balancing stand
with gas supports and is protected by patent of the Rus-
sian Federation under No. 2694142 [18]. Work is being
carried out to introduce the algorithm into the FM balanc-
ing method. The algorithm allows to reduce the number of
balancing steps (as a rule, to one step), or by calculation
to prove the impossibility of balancing the FM with the
given parameters, and, accordingly, reduce the time of the
balancing experiment.

References

1. Klyuchnikov A. V. [Development and improve-
ment of the algorithm single-plane balancing in a dynamic
mode of high-speed flying models]. Vestnik SibGAU.
2015. Vol. 16, No. 2, P. 411416 (In Russ.).

2. Klyuchnikov A. V. [Numerical algorithm for the
optimization of process trim tapered flying models
on dynamic balancing stand]. Vestnik SibGAU. 2016,
Vol. 17, No. 2, P. 309-317 (In Russ.).

3. Glazyrina L. M., Karpovitskiy M. S., Klyuchnikov
A. V., Malgin A. L., Smirnov G. G., Fomin Yu. P. Balan-
sirovochnyy stend s vertikalnoy osyu vrashcheniya [Bal-
ancing stand with vertical axis of gyration]. Patent RF, no.
2292533, 2007.

4. Glazyrina L. M., Karpovitskiy M. S., Klyuchni-
kov A. V., Malgin A. 1., Smirnov G. G., Fomin Yu. P.
Sposob balansirovki rotora [Rotor’s counterbalancing
method]. Patent RF, no. 2292534, 2007.

5. Dmitriyevskii A. A., Lysenko L. N., Bogodistov S. S.
Vneshnyaya ballistika [External ballistics]. Moscow,
Mashinostroenie Publ., 1991, 640 p.

6. Pravdin V. M., Shanin A. P. Ballistics of uncon-
trollable flying machines [Ballistika neupravlyaemih
letatelnih apparatov]. Snezhinsk, RENC-VNIITF Publ.,
1999, 496 p.

7. Klyuchnikov A. V. [The algorithm of single-plain
dynamic balancing process of a conical flying prototype
with optimization by criteria of achieve the minimum
deviation of main centroidal axis of inertia]. Materialy
XXII Mezhdunarodnoy nauchnoy konferentsii “Reshet-
nevskie chteniia” [Proc. 23" Int. Technol. Conf. “Reshet-
nev reading”]. Krasnoyarsk, 2019, Part 1, P. 30-32 (In
Russ.).

8. llinykh V. V., Klyuchnikov A. V., Mihailov E. F.,
Timoshchenko A. G. [Technological support of quality
during the manufacture of hypersonic uncontrollable fly-

76

ing models]. Vestnik SibGAU. 2013, Vol. 49, No. 3,
P. 191-196 (In Russ.).

9. Klyuchnikov A. V. [Method of eliminate a techno-
logical rig on measurement results during dynamic coun-
terbalancing of flying vehicle]. Materialy X1X Mezhdu-
narodnoy nauchnoy konferentsii “Reshetnevskie chteniia”
[Proc. 19™ Int. Technol. Conf. “Reshetnev reading”].
Krasnoyarsk, 2015, Part 1, P. 21-23 (In Russ.).

10. Abyshev N. A., Klyuchnikov A. V., Mikhailov E. F.,
Chertkov M. S. [Stand for precise non-contactable coun-
terbalancing in dynamic regimen of conical rotors]. Trudy
XIX Mezhdunarodnogo simpoziuma ‘“Nadyozhnost i
kachestvo” [Proc. 19" Int. Technol. Symp. “Reliability &
Quality”]. Penza, 2014, Vol. 2, P. 234-236 (In Russ.).

11. Klyuchnikov A. V. [Test equipment for diagnos-
tics of a mass symmetry distribution of compound rotor’s
detailes]. Trudy 11X  Mezhdunarodnoy  nauchno-
prakticheskoy konferentsii “Innovatsii na osnove infor-
matsionnyh i kommunikatsionnyh tehnologiy” [Proc. 9"
Int. Scientif. and Pract. Conf. “Innovations Based on In-
formation and Communication Technologies”]. Moscow,
2012, Part 1, P. 21-23 (In Russ.).

12. Klyuchnikov A. V. Sposob balansirovki rotora v
odnoy ploskosti korrektsii [Method of rotor’s counterbal-
ancing in singular place for correction]. Patent RF, no.
2499985, 2013.

13. Klyuchnikov A. V. [Precised mathematical model
for valuing of mass-inertia asymmetry parameters of a
lengthened rotor]|. Trudy XVII Mezhdunarodnogo sim-
poziuma “Nadyozhnost i kachestvo” [Proc. 17" Int.
Technol. Symp. “Reliability & Quality”’]. Penza, 2013,
Vol. 1, P. 224-227 (In Russ.).

14. Andreev S. V., Klyuchnikov A. V., Mihailov E. F.
[Prospects of application of dynamic counterbalancing
method for testing of flying machine’s mass-inertia
asymmetry parameters|. Materialy XVIII Mezhdunarod-
noy nauchnoy konferentsii “Reshetnevskie chteniia”
[Proc. 18" Int. Technol. Conf. “Reshetnev reading”].
Krasnoyarsk, 2014, Part 1, P. 8-10 (In Russ.).

15.Klyuchnikov A. V. Sposob nastroiki balansiro-
vochnogo stenda dlya opredeleniya parametrov masso-
inertsionnoy asimmetrii rotorov [Method of adjusting a
counterbalance machine for determination of rotors’
mass-inertia parameters]. Patent RF, no. Ne 2453818,
2013.

16. Klyuchnikov A. V. [Methodical ensuring a process
of individual adjusting the dynamic balancing machine in
the controlled object]. Trudy XIV Mezhdunarodnoy
nauchno-prakticheskoy konferentsii “Innovatsii na osnove
informatsionnyh i kommunikatsionnyh tehnologiy” [Proc.
14™ Int. Scientif. and Pract. Conf. “Innovations Based on
Information and Communication Technologies”]. Mos-
cow, 2017, P. 382-386 (In Russ.).

17. Andreev S. V., Klyuchnikov A. V., Lysykh A. V.,
Mikhailov E. F. [Calibrate operations during detail’s
module counterbalancing on a non-adjusted dynamic
counterbalance machine]. Trudy XVIII Mezhdunarod-
nogo simpoziuma “Nadyozhnost i kachestvo” [Proc. 18"
Int. Technol. Symp. “Reliability & Quality”’]. Penza,
2013, Vol. 2, P. 129-131 (In Russ.).

18. Klyuchnikov A. V. Sposob balansirovki rotora v
odnoy ploskosti korrektsii [Method of rotor’s counterbal-
ancing in singular place for correction]. Patent RF,
no. 2694142, 2019.



ABMGMMOHHQ}Z U paKkemHo-KoCmMu4ecKkas mexnuka

bubauorpaguyeckue cCbLIIKH

1. KmounukoB A. B. Pa3zButue u coBeplIeHCTBOBaHHE
AJITOPUTMa OJHOTUIOCKOCTHOHM OallaHCHPOBKH B JMHAMHYE-
CKOM pEXHME BBICOKOCKOPOCTHOW JieTaromieli moxenu //
Bectauk CuoI'AY. 2015. T. 16, Ne 2. C. 411-416.

2. KirounukoB A. B. UnceHHBINH anropuT™ ONTUMU-
3alUu TIpoIecca YpPaBHOBEIIMBAHNS KOHUYECKOH JeTaro-
e MoJeNT Ha TUHAMHUYIECKOM 0alaHCHPOBOYHOM CTEH-
ne // Bectauk CubI’AY. 2016. T. 17, Ne 2. C. 309-317.

3. TMar. 2292533 Poccwmiickas Penepanus, MIIK
G 01 M 1/02. banaHcHpOBOYHBIN CTEH]| C BEPTHKAJIBHOU
ockto Bpauienust / JI. M. I'naseipuna, M. C. Kapnosuu-
kuii, A. B. Kimounukos, A. . Mansrun, I'. I'. CMupHOB,
10. I1. ®omun. Ne 2004112999/28 ; 3assi. 27.04.2004 ;
omy6u1. 27.01.2007, Bros. Ne 3. 8 c.

4. Tlar. 2292534 Poccuiickas ®Penepauus, MIIK
G 01 M 1/04. Crioco6 6anmarcupoBku potopa / JI. M. I'na-
spipuHa, M. C. Kapmosunkwmii, A. B. Kirounnkos,
A. U. Mamerun, I'. T. Cwmumpaos, 0. II. ®omwusn.
Ne 2004112998/28 ; 3asiBi. 27.04.2004 ; ony6u1. 27.01.2007,
Bron. Ne 3. 8 c.

5. Jmutpuesckuit A. A., JIeicenko JI. H., boroauc-
toB C. C. BHemnss 6amuctuka. M. : MammHocTpoeHue,
1991. 640 c.

6. IlpaBnun B. M., llanun A. Il. bamiucruka He-
yIpaBIsIeMBbIX JIETaTeNIbHBIX armnaparoB. CHEXHHCK
POAL-BHUNT®D, 1999. 496 c.

7. KimounnkoB A. B. AJTOpuT™M OTHOIUIOCKOCTHON
0aaHCHPOBKH JICTAIOIIECH MOJETH KOHHYECKOU (POPMEI C
ONTUMU3AIMEH TTI0 KPUTEPUIO JOCTIKCHHUS MUHUMAIBHO-
ro OTKJIOHCHHS TIJIAaBHOW MEHTPAIbHOW OCH HWHEpUuu //
PewernéBckue utenus : marepuansl XXIII MexnyHap.
Hay4. koH]. (11-15 Hos10ps 2019, KpacHosipck) : B 2 4. /
nog oour. pexn. FO. 0. Jlorunosa ; Cub. roc. yu-1. Kpac-
HoApck, 2019. Y. 1. C. 30-32.

8. TexHonorust odecriedyeHus] Ka4yecTBa MPU M3TOTOB-
JICHNU BBICOKOCKOPOCTHBIX HEYIPAaBISIEMBIX JICTAIOIINX
mozenei / B. B. Unbunbix, A. B. Kimounnkos, A. B. JIbiceix
u 1p. // Bectauk Cu6I'AY. 2013. Ne 3 (49). C. 191-196.

9. KimounmkoB A. B. Croco0 ycTpaHeHHs BIHSHUS
TEXHOJIOTHIECKOW OCHACTKH Ha Pe3yJbTAThl H3MEPCHHUI B
Iporecce OHHAMHUYECKOH OalaHCHPOBKH JIETATEIHHOTO
anmapara // PemeTHéBCKMe YTeHHs : marepuanbl XIX
Mexnaynap. Hayd. koHO. (10-13 nHOs6ps 2019, 1. Kpac-
HOsIpCcK) : B 2 4. / mox obur. pex. 1O. FO. Jlorunosa ; Cuo.
roc. aspokocMud. yYH-T. Kpacnospck, 2015. Y. 1. C. 21-23.

10. Crenp U1 npelM3MOHHON OECKOHTAKTHOM OasaH-
CHPOBKM KOHHYECKHX POTOPOB B JMHAMHYECKOM pPEKHME /
H. A. A6pimes, A. B. Kmounukos, E. ®. Muxaiiios,
M. C. Yeprkos // HanexxHocTh M Ka4uecTBO : Tp. 19 Mex-
nyHap. cumiL. (26 mas — 1 mrons 2014, r. [lensa.) : B2 T. /
mox pen. H. K. FOpkoga ; [lens. roc. yu-1. Ilensa, 2014.
T. 2. C. 234-236.

11. KirrounnkoB A. B. McnbiTatensHoe 000pynoBaHHe
JUTSL TUATHOCTUKY CUMMETPUYHOCTH PACTIPEAEICHUS MacC
CJIOKHBIX POTOPHBIX Jerayeil / VIHHOBauMM Ha OCHOBE
MHPOPMAMOHHBIX ¥ KOMMYHHKAIIMOHHBIX TEXHOJOTHHA :
Tp. IX Mexnmynap. Hayd.-npakT. KoH(}. (1-10 oxTs0Ops
2012, r. Coun.) / mox pen. C. Y. Vpaiicoa ; MUDOM
HIY BIID. Mocksa, 2012. C. 362-364.

12.TIat. 2499985 Poccuiickas ®Deneparusa. MIIK
G 01 M 11/16. Crioco6 6anaHCHpOBKH POTOpa B OJHOU
mwiockoctd  koppekmmm /A, B.  Kurounukos.
Ne 2012114312/28 ; 3asBi. 11.04.2012 ; omy6u. 27.11.2013,
Brom. Ne33.9¢

13. KntounukoB A. B. YTouHéHHas maTemaTHuecKas
MOJZIeNb OIICHKH W OOeCIeUeHHs IapaMeTpoB Macco-
WHEPLUHUOHHON acUMMMETPUU JJIMHHOMEPHOIO POTOPHOTO
Moxynsi // HamexHOCTP W KadecTBO : Tp. MEXKIyHap.
cumil. (26 mast — 1 utons 2014, r. Ilenza.) : B 2 1. / mox
pen. H. K. FOpkoga ; Ilens. roc. yu-T. [lensa, 2014. T. 1.
C. 224-227.

14. Arnpees C. B., Kimrournkos A. B., Muxaiinos E. ©.
[lepcriekTUBBI NPUMEHEHUS METOAa IMHAMHUYecKoil Oa-
JAHCHUPOBKH [UI ONpPEACTCHHUS MMapaMeTPOB aCHMMETPUHU
Macc JIETaTelIbHOro ammnapara // PeieTHEBCKHE YTCHUS :
marepuaibl XVIII Mexnaynap. nayd. koHd. (11-14 Hosi0pst
2014, r. KpacHosipck) : B 3 4. / oz o6 pea. FO. 10. Jlo-
ruHoBa ; Cub. roc. aspokocmud. yH-T. KpacHosipck, 2014,
4. 1. C. §-10.

15.TTar. 2453818 Poccuiickas ®Penepanus, MIIK
G 01 M 01/22. Cnocob6 HacTpoliku OallaHCHPOBOYHOTO
CTeHJa /ISl OIpEJeNeHUus] IapaMeTpPoOB Macco-MHep-
UOHHOW acumMmeTpun potopoB / A. B. Kirounukos.
Ne 2011100182/28 ; 3asBi. 11.01.2011 ; omy6m. 27.11.2013,
Bron. Nel7. 8 c.

16. KnmrounukoB A. B. Meroandeckoe obGecrieueHne
rpouecca MHAWBUIYAJIBbHOM HAaCTPOMKHM JUHAMHYECKOIO
0aaHCHPOBOYHOTO CTEH/IA HAa 00BEKT KOHTpOs // HHO-
BallMOHHbIE, WH(OPMAIMOHHBIE W KOMMYHHKAI[HOHHBIC
TEXHOJOTUH : MaTepuansl XIV MexmayHap. Hayd.-IpakT.
koH(®. (1-10 oxrs16pst 2017 1. Coun.) / oz pex. C. Y. Ygaii-
coBa ; Acconuanys BBITYCKHUKOB U cOTpyAHUKOB BBIIA
uM. po¢. XKykxosckoro. Mocksa, 2017. C. 382-386.

17. KanuObpoBoyHbIE Omepanuy B MPOLIECCE MOJYJIb-
HOW OaJaHCHUPOBKH NIETATN Ha HEHACTPOCHHOM IHHAMHU-
yeckoM OanancupoBouHoM crenne / C. B. Amzpees,
A. B. Kimrounmkos, A. B. JIsiceix, E. ®. Muxaitios / Hanex-
HOCTh ¥ KauecTBo : Tp. X VIII mexaynap. cumm. (27 mas —
3 mons 2013, r. [ensa) : B 2 1. / mox pen. H. K. FOpxkoga ;
Ilens. roc. yn-t. Ilensa, 2013. T. 2. C. 129-131.

18.TIat. 2694142 Poccuiickas ®Deneparus, MIIK
G 01 M 11/16. Crioco6 6anaHCHpPOBKH POTOpa B OJHOU
mwiockoctd  koppekmmu /A, B.  Kirounukos.
Ne 2018134252/28 ; 3astBi. 27.09.2018 ; omy6m. 09.07.2019,
Brom. Ne 19. 9 c.

© Klyuchnikov A. V., 2020

Klyuchnikov Aleksandr Vassilyevich — Cand. Sc., head of the designer’s department; Federal State Unitary Enter-
prise “RFNC-VNIITF named after Academician E. I. Zababakhin”. E-mail: a.klyuchnikov@bk.ru.

KiaounukoB Anexkcanap BacuiabeBHMY — KaHIUIAT TEXHHYECKHMX HAyK, HaYaJIbHUK KOHCTPYKTOPCKOT'O OTAENA;
OI'VII «POAL-BHUNT® nmenu akanemuka E. N. 3a6abaxunay. E-mail: a.klyuchnikov@bk.ru.




