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MODELLING OF BLADE OPERATING PROCESSES 

When military helicopters and transport aircraft take off and are forced to 

land on a desert or simple runway, sand and dust cause erosion of the aircraft 

blades by solid particles, which leads to a decrease in compressor performance and 

structural integrity, which seriously affects engine reliability [1]. 

Paper [2] investigated the erosion wear of the gas-solid flow of a compressor 

blade in an aero-turbine engine. In the study, a test bench for testing the Ti-6Al-4V 

alloy for erosion wear was designed and manufactured. Particle velocities were 

tested using particle image velocimetry at different air pressures. The results 

showed that the wear areas are concentrated on the rotor blade9s pressure surface, 

as well as on the stator blade9s suction and pressure surfaces. The maximum wear 

concentration was observed near the leading edge of the 80% span and near the 

leading and trailing edges of the 95% span on the rotor blade [2]. 

In studies[3] were conducted to predict the erosion of gas turbine engine 

blades. The model of blade material erosion is based on three-dimensional model-

ling of particle trajectories in a three-dimensional turbine flow field. The trajecto-

ries provide a specific distribution of particle impact parameters on the blade sur-

face. To increase the blade9s resistance to erosion and reduce blade wear, the 
blades must be coated [3]. 

Paper presents the results of an experimental study of the erosion resistance 

of fibre-reinforced structural carbon fibre reinforced plastic used in the structural 

elements of a gas turbine engine. A methodology for characterising the process of 

gas-abrasive wear of thin-walled structures made of polymer composite materials 

has been developed. The factors that determine the level of abrasive impact of the 

dust-gas mixture formed during take-off and landing are found. A criterion for 

assessing the erosion resistance of a material is presented. The factors that deter-

mine the level of abrasive impact of the dust and gas mixture formed during take-

off and landing are found. A criterion for assessing the erosion resistance of a ma-

terial is presented. 

Erosion is an important mechanism of wear of jet engine compressors. To 

predict the damage caused by erosion, it is necessary to determine the rate. The 

physical model presented in [4] offers a new approach to adapt the erosion-induced 

wear mechanisms to any geometry of the compressor blade. 

As an object of research, the blades of the first stage of the compressor of the 

TV3-117 engine, made of VT8 alloy, which have operational damage to the blade 

feathers of the engines, were selected. 
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The study was carried out on two engines that were operated under the same 

conditions, but have different operating times and, accordingly, different degrees 

of blade damage. For the study, 20 blades without gross mechanical damage were 

selected from the two engines. 

To build regression models, we first selected informatively significant fea-

tures (using stepwise regression methods). The selection of features allows us to 

discard uninformative features that complicate the model and introduce erroneous 

data that reduce the accuracy of the model. After that, regression models were built 

using the selected groups of features. 

The study of blade geometry consisted of measuring the chord, %1, %2 in 
sections �2-�2&..�8-�8. In the original data x1, x4, x7, x10, x13, x16, x19 – chordal 

value in different sections; x2, x5, x8, x11, x14, x17, x20 – thickness of the leading 

edge; x3, x6, x9, x12, x15, x18, x21 – thickness of the trailing edge; x22 – hardness of 

the trailing edge, HRC; x23 – yield strength of the initial material,  P0; x24 – ten-

sile strength,  P0; y1 – total operating time; y2 – operating time before 1 repair; 

y3 – frequency of natural vibration of the blades, Hz. 

Regression models of blade service life and natural oscillation frequencies 

were constructed. 

Linear regression models of the second order with a first-order term: 

y1=–50,81–11616,91 x13+11774,24 x19–12941,78x3: x13+ 8294,39x3: x16+ 

4332,86x3: x19+26582,52 x13: x15–6700,64x13: x16– 1653,66x13: x17– 50,81x13: x18– 
1594,87x13: x19+353,01x13: x20–27506,72x13: x21–26828,98x15: x19+ 

14604,59x16:x17+8490,52x17: x19–13196,27x17: x20–7295,96x19:x21+ 

27928,12x3
2+11444,33x13

2+4471,35x16
2–1037,9 x19

2 

 

y2=–211,77–3660,12 x13+3709,69 x19–4077,55 x3: x13+2613,30 x3: x16+1365,15 x3: 

x19+8375,31 x13: x15–2111,16 x13: x16–521,02 x13: x17–16,01 x13: x18–502,49 x13: 

x19+111,22 x13: x20–8666,50 x13: x21–8452,97 x15: x19+4601,45 x16: x17+2675,10 

x16: x19–4157,73 x17: x19–2298,73 x17: x20+8799,27 x17: x21+3605,75 x3
2+1408,78 

x13
2–327,03 x16

2–1143,78 x19
2 

 

y3=+102428,81–12147,18 x13+4986,58 x19–4614,65 x3: x13+2141,45 x3: 

x16+2381,85 x3: x19+5371,39 x13: x15+750,30 x13: x16–4343,15 x13: x17–22,36 x13: 

x18–274,72 x13: x19+24,94 x13: x20–1565,90 x13: x21–5462,51 x15: x19+5648,81 x16: 

x17+177,70 x16: x19–1287,82 x17: x19–1117,12 x17: x20+1595,23 x19: x21+3339,80 

x3
2+43,50 x13

2–540,16 x16
2–29,66 x19

2. 
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The obtained regression models show that during the operation of helicopter 

engines, the geometry of the blade inlet and outlet edges in the sections A6-

A6.....A8-A8 has the greatest impact on the engine life and the frequency of blade 

natural oscillations. Therefore, special attention should be paid to measures that 

can minimise the erosion wear of blade edges and extend the engine service life. 
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2AR46C20B8. %B0=40@B8 �S" A5@VW 9000 >@Vє=BCRBP >@30=V70FVW =0 7>A5@5465-
=>ABV C2038 =0 B8E ?@>F5A0E, S:V 4>40RBP FV==VABP ?@>4C:BC. "I04;825 28:>-
@8AB0==S @5AC@AV2 ?@8 FP><C 70157?5GCєBPAS S:VA=8< 28:>=0==S< @>1VB 70 
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@0EC=>: 28:>@8AB0==S <5B>48:, S:V >?8ACRBP ?>A;V4>2=VABP 28:>=0==S @>1>-
B8, <0B5@V0;P=> B5E=VG=>3> 70157?5G5==S B0 ?V43>B>2;5=>3> ?5@A>=0;C. �;5 
S:VABP ?@>4C:FVW є ;8H5 G0AB8=>R B>3>, I> 7C<>2;Rє 28:>@8AB0==S @5AC@AV2 
?@8 283>B>2;5==V ?@>4C:FVW. ' ACG0A=><C A2VBV, I> E0@0:B5@87CєBPAS =5?5-
@5410GC20=8<8 7<V=0<8, B@510 2<VB8 >@Vє=BC20B8AS 2 C<>20E =5287=0G5=>ABV 
B0 @878:V2. 

�>18B8AS CA?VEV2 ?@8 FP><C 4>72>;Sє ?@>є:B=5 C?@02;V==S, S:5, 107CR-
G8AP =0 C?@02;V==V S:VABR, 70 @0EC=>: :>=B@>;R 70 @>1>B>R ?@8 ?;0=C20==V 
B0 28:>=0==V @>1VB 70157?5GCє <8BBє25 @503C20==S =0 7<V=8. �;S FP>3> 287=0-
G0RBPAS @57C;PB0B8, S:V ?>28==V 1CB8 ?VA;S 28:>=0==S ?52=8E @>1VB. �8:>@8-
AB0==S =01CB>3> 4>A2V4C 7 28:>=0=8E ?>?5@54=VE @>1VB 4>72>;Sє ?5@5410GC20-
B8 <>6;82V @878:8, S:V ?@872>4SBP 4> 71V;PH5==S B5@<V=C 28:>=0==S @>1VB B0 
?5@528B@0B @5AC@AV2. �Vє2VABP ?@87=0G5=8E ?>?5@546C20;P=8E 70E>4V2 ?5@52V-
@SєBPAS C :>=B@>;P=8E B>G:0E G5@57 ?52=89 ?5@V>4 28:>=0==S @>1VB. �0 =5>1-
EV4=VABR 2=>ASBPAS 7<V=8. &0:8< G8=>< ?@8 28:>@8AB0==V ?@>є:B=>3> C?@02-
;V==S >I04;825 AB02;5==S 4> @5AC@AV2 @50;V7CєBPAS 2V4 ?;0=C20==S V 4> ?@>-
406C 3>B>2>W ?@>4C:FVW. 

 

 

'�� 620.179.141 
�5<5H:> �.�.1, &C<0@G5=:> �.".2 
1 ABC4. 3@.  -122< !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 0A8AB. !' «�0?>@V7P:0 ?>;VB5E=V:0» 

�5<5H:> �.�., &C<0@G5=:> �.". 
 ��!�&"#"$",�"���  �&"� !�$'�!��!"�" �"!&$"�. 

�>;>2=>R >A>1;82VABR =5@C9=V2=>3> :>=B@>;R є B5, I> 2V= =5 ?@872>-
48BP 4> @C9=C20==S (CH:>465==S) :>=B@>;P>20=>3> >19є:B0 [1], I>, 2 A2>R 
G5@3C, 4>72>;Sє ?5@52V@SB8 S:VABP ?@>4C:FVW 157 ?>@CH5==S WW ?@840B=>ABV 4> 
28:>@8AB0==S 70 ?@87=0G5==S<. 

"4=8< 7 =09?>H8@8=VH8E <5B>4V2 =5@C9=V2=>3> :>=B@>;R є <03=VB>?>-
@>H:>289 <5B>4, S:89 3@C=BCєBPAS =0 S28IV BS6V==S G0AB8=>: <03=VB=>3> 
?>@>H:C <03=VB=8<8 ?>B>:0<8 @>7AVR20==S, I> 28=8:0RBP =04 45D5:B0<8 2 
=0<03=VG5=8E >19є:B0E :>=B@>;R.  03=VB>?>@>H:>289 <5B>4 ?@87=0G5=89 
4;S 28S2;5==S ?>25@E=528E (7 H8@8=>R @>7:@8BBS 1V;S ?>25@E=V 0,001 << V 
1V;PH5, 3;818=>R 0,01 << B0 1V;PH5 [2]), ?V4?>25@E=528E (I> ;560BP =0 3;8-
18=V 4> 2 <<) B0 2=CB@VH=VE (25;8:8E @>7<V@V2, I> ;560BP =0 3;818=V 1V;PH5 
2 <<) ?>@CH5=P ACFV;P=>ABV: 2>;>A>28=, B@VI8= @V7=>3> ?>E>465==S, =5?@>-
20@V2 720@=8E 79є4=0=P, D;>:5=V2, 70E>4V2, =04@82V2 V B.?. +CB;82VABP <03=VB>-
?>@>H:>2>3> <5B>4C 287=0G0єBPAS: <03=VB=8<8 E0@0:B5@8AB8:0<8 <0B5@V0;C, 
9>3> D>@<>R, @>7<V@0<8 V H>@AB:VABR ?>25@E=V, =0?@C65=VABR, I> =0<03=V-
GCє ?>;5 V 45D5:B, <VAF5< @>7B0HC20==S 9 >@Vє=B0FVєR 45D5:BV2, 270є<=8< 
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=0?@S<:>< =0<03=VG5==S ?>;S V 45D5:BC, 2;0AB82>ABS<8 45D5:B>A:>?VG=>3> 
<0B5@V0;C, A?>A>1>< 9>3> =0=5A5==S =0 >19є:B :>=B@>;R, 0 B0:>6 A?>A>1>< V 
C<>20<8 @5єAB@0FVW V=48:0B>@=>3> @8AC=:0 45D5:BV2, I> 28S2;SRBPAS.  0:-
A8<0;P=0 GCB;82VABP <5B>4C <>65 1CB8 >B@8<0=0 ?V4 G0A :>=B@>;R 45B0;V 7 
H>@AB:VABR, I> 2V4?>2V40є ?0@0<5B@C R0 = 1,25...2,5 <:<. �V 71V;PH5==S< 
H>@AB:>ABV GCB;82VABP <5B>4C 7=86CєBPAS. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. �0<5;P �. �. �>=B@>;P S:>ABV 720@R20==S. &>< 1 !5@C9=V2=V <5B>48 
:>=B@>;R / �. �. �0<5;P, .. �. �0A8;>, #. %. �2G5=:>, $. /. $><0=R:. – 
�0<9S=AP:5 : ��&', 2018. – 241 A. 

2. %CA;V:>2 �.  . !5@C9=V2=V <5B>48 :>=B@>;R: =02G. ?>AV1=8: / 
�.  . %CA;V:>2, �. #. %BC45=S:. – '63>@>4 : �8402=8FB2> '6!', 2016. – 
192 A. 

 

 

'�� 621.7 
�8H=5?>;PAP:89 Є.�.1, ,52G5=:> ".%.1 , *8?;0:>2 �.%.2  
1 AB0@H. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@.  -112< !' «�0?>@V7P:0 ?>;VB5E=V:0» 

�8H=5?>;LAL:89 Є.�., (52G5=:> ".%., &8?;0:>2 �.%. 
#����-�!!/ )�$��&�$�%&�� ��&���� � !���"!' �� 

�"#" "�". &�$ �+!"� "�$"��� 

 0B5@V0;8 4;S 3D-4@C:C, I> 28:>@8AB>2CRBPAS 4;S <>45;R20==S <5B>-
4>< =0?;02;5==S (FDM), є B5@<>?;0AB8G=V ?>;V<5@8 C D>@<V =8B:8. �;S FP>-
3> B8?C ?@>F5AC 3D-4@C:C VA=Cє 1030B> @V7=8E <0B5@V0;V2. !091V;PH ?>H8@5=V 
<0B5@V0;8 4;S B5E=>;>3VW FDM є ABS (0:@8;>=VB@8;-1CB04Vє=-AB8@>;), PLA 
(?>;V<>;>G=0 :8A;>B0) V =59;>= (?>;V0<V4), 0;5 B0:>6 <>6CBP 28:>@8AB>2C20-
B8AS V=HV @V7=>2848 <0B5@V0;V2, B0:V S: AC<VH ?;0AB8:C B0 45@520 01> 2C3;5-
FR. �;S FVєW B5E=>;>3VW 3D-4@C:C <>6CBP 28:>@8AB>2C20B8AP V V=65=5@=V <0-
B5@V0;8 (PA, TPU V PETG), 0 B0:>6 45S:V 28A>:>5D5:B82=V B5@<>?;0AB8G=V 
<0B5@V0;8 (PEI 01> PEEK) [1]. 

!59;>= – F5 =0?V2:@8AB0;VG=89 B0, S: ?@028;>, 4C65 <VF=8<8 <0B5@V0; 7 
30@=>R B5@<VG=>R B0 EV<VG=>R ABV9:VABR. !59;>= <0є B5=45=FVR ?>3;8=0B8 
2>;>3C V7 4>2:V;;S. *5 ?>3;8=0==S B@820є 4>B8, 4>:8 =5 1C45 4>AS3=CB> @V2-
=>2038, V F5 <>65 2?;8=CB8 =0 @>7<V@=C AB01V;P=VABP [2]. � C@0EC20==S< 9>3> 
28A>:>W <VF=>ABV, =59;>= 28S2;SєBPAS GC4>28< 281>@>< 4;S 283>B>2;5==S 
45B0;59, C S:8E ?8B0==S B5@<>- B0 7=>A>ABV9:>ABV є :;RG>28<8. 

&5@<>>1@>1:0 28:>@8AB>2CєBPAS 7 <5B>R 7<V=8 <>;5:C;S@=>W AB@C:BC@8 
<0B5@V0;C B0/01> 28:;RG5==S 2=CB@VH=VE =0?@C3. �0AB>AC20==S B5@<>>1@>1:8 
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4> 45B0;V, =04@C:>20=>W =0 3D-?@8=B5@V, <>65 ?>:@0I8B8 WW <5E0=VG=V B0/01> 
B5@<VG=V 2;0AB82>ABV. #VA;S B5@<>>1@>1:8 45B0;P ?>28==0 28B@8<C20B8 28IV 
<5E0=VG=V =020=B065==S B0 B5<?5@0BC@8. #@>B5, 5D5:B82=VABP B5@<>>1@>1:8 

70;568BP 2V4 <0B5@V0;C, S:89 28:>@8AB>2CєBPAS, V 70728G09 :@0IV @57C;PB0B8 
4>AS30RBPAS ?@8 B5@<>>1@>1FV :@8AB0;VG=8E 01> =0?V2:@8AB0;VG=8E <0B5@V0-
;V2, 0=V6 0<>@D=8E [3]. 

!87P:0 B5<?5@0BC@0 A:;C20==S =59;>=C, I> 4>@V2=Rє 53 °% ,A?@>ICє 
B5@<>>1@>1:C. #@>B5 B5<?5@0BC@0 ?;02;5==S  – 250 °%. "B65, B5<?5@0BC@C 
?5GV A;V4 704020B8 130-140 °C. *S B5<?5@0BC@0 4>A8BP 28A>:0, I>1 <0B5@V0; 
@>7<9S:H82AS, 282V;P=82 =0?@C3C B0 =0@>AB82 A2>R :@8AB0;VG=C AB@C:BC@C. 

&5@<>>1@>1:0 =59;>=C ?>;S30є 2 =03@V20==V ?5GV 4> ?>B@V1=>W B5<?5@0-
BC@8, 2?@>4>26 3>48=8 28B@8<:0 FVєW B5<?5@0BC@8, 4;S B>3> I>1 =03@V20==S 
@>7?>4V;8;>AS @V2=><V@=>. 

�0;V =59;>=>2C 45B0;P ?>B@V1=> @>7<VAB8B8 2 ?5GV V 28B@8<0B8  42V 3>-
48=8. *59 G0A ?>B@V15= 4;S ?5@51C4>28 ?>;V<5@=8E ;0=FR3V2 B0 @5:@8AB0;V-
70FVW. !5 <>6=0 2V4:@820B8 ?VG C ?@>F5AV B5@<>>1@>1:8. #VA;S 42>E 3>48= 
?>B@V1=> 28<:=CB8 ?VG V 70;8H8B8 45B0;P CA5@548=V 4;S ?>ABC?>2>3> >E>;>-
465==S ?5GV 4> :V<=0B=>W B5<?5@0BC@8. *5 4>72>;8BP 7<5=H8B8 @878: ?5@5-
:>AV2 B0 <0:A8<V7Cє ?5@52038, >B@8<0=V 70 @0EC=>: B5@<>>1@>1:8. 

/: ?@028;>, B5@<>>1@>1:0 71V;PHCє 45D>@<0FV9=C B5?;>ABV9:VABP =59;>=>-
28E 45B0;59 1V;PH =V6 =0 40%. #@8 @>1>BV 7 <0B5@V0;>< Nylon 206;82> 2@0E>2C-
20B8 <>6;82VABP 7<V=8 @>7<V@V2 B0 D>@<8 45B0;59 ?@8 B5@<>>1@>1FV. &><C ?@8 
?@>5:BC20==V B0 4@C:C 45B0;59 A;V4 2@0E>2C20B8 FV D0:B>@8, I>1 4>AS3B8 1060-
=8E 2;0AB82>AB59 <0B5@V0;C B0 C=8:=CB8 =51060=8E 5D5:BV2. �@V< B>3>, =5 702-
648 ?>B@V1=> 70AB>A>2C20B8 B5@<>>1@>1:C, V =5>1EV4=VABP C =V9 70;568BP 2V4 
:V=F52>3> 70AB>AC20==S 45B0;59 B0 =5>1EV4=8E 2;0AB82>AB59 <0B5@V0;C. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. �>=A?5:B ;5:FV9 7 48AF8?;V=8 «�48B82=V B5E=>;>3VW» 4;S ABC45=BV2 
2AVE D>@< =02G0==S A?5FV0;P=>ABV 131 «#@8:;04=0 <5E0=V:0» A?5FV0;V70FVW 
«&5E=>;>3VW <0H8=>1C4C20==S» 30;C7V 7=0=P « 5E0=VG=0 V=65=5@VS» / ':;. 
#. $. &@8H8=. – �0?>@V66S : !' «�0?>@V7P:0 ?>;VB5E=V:0», 2022. – 77 A. 

2. �;5:B@>==89 @5AC@A: https://www.bpf.co.uk/plastipedia/polymers/Polya 

mides.aspx#:~:text=***%20very%20good-,APPLICATIONS,%2Dthe%2 Dbag 

%20food%20packaging 

3. �;5:B@>==89 @5AC@A: https://themachinebros.com/apply-annealing-to-3d-

printed-parts/#What_is_the_Purpose_of_Annealing 
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'�� 62-253.5 

%;>1>4S= �.�.1, �>1@>2=V: �.�.2, �>=G0@ !.�.3 

1 ABC4. 3@.  -112< !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@.  -122< !' «�0?>@V7P:0 ?>;VB5E=V:0» 
3 :0=4. B5E=. =0C:, 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 

%;>1>4O= �.�., �>1@>2=V: �.�., �>=G0@ !.�. 
#"$��!/!!/ $��!"����� (�!�,!"� "�$"��� �"#�&"� 
�" #$�%"$' ����*��!�) ����'!�� ��/ #"���Ь,"�" �� 

��"%�"!���!!/ 

� @>728B:>< ?5@54>28E B5E=>;>3V9 283>B>2;5==S 02V0FV9=8E 4283C=V2 C 
=0?@S<:C 28A>:>3> A?V22V4=>H5==S BS38 4> 2038 B0 <V=V<V70FVW <0A8 79S28;0AS 
=87:0 A?5F8DVG=8E 02V0FV9=8E <0B5@V0;V2 7 =87P:>R IV;P=VABR, B0:8E S: B8-
B0=>2V A?;028, 0 B0:>6 60@><VF=V A?;028 =0 >A=>2V =V:5;R B0 :><?>78B=V 
<0B5@V0;8 =0 >A=>2V :5@0<V:8, S:V H8@>:> 28:>@8AB>2CRBPAS 4;S :;RG>28E 
:><?>=5=BV2 2 05@>:>A<VG=V9 30;C7V, 0 B0:>6 AB0;8 >A=>2=8<8 28@>1=8G8<8 
<0B5@V0;0<8 4;S ;>?0B>: 02V0FV9=8E 4283C=V2. "4=0: G5@57 GCB;82VABP :0@1V4C 
4> :>=F5=B@0FVW =0?@C65=P, 0=V7>B@>?VR B0 :@8E:VABP :><?>78B=8E <0B5@V0;V2 
?>ABC?>2> 28A2VB;RєBPAS ?@>1;5<0 2B><=>3> @C9=C20==S. �A=CRGV 4>A;V-
465==S ?>:07CRBP, I> E0@0:B5@8AB8:8 >?>@C 2B><V ;>?0B>: 02V0FV9=8E 428-
3C=V2 <0RBP 206;8289 270є<>729S7>: 7 ?@>F5A>< WE >1@>1:8 V >AB0B>G=>R 
S:VABR, I>, 2 A2>R G5@3C, 2?;820є =0 5:A?;C0B0FV9=V E0@0:B5@8AB8:8 V B5@<V= 
A;C618 [1]. 

(V=VH=0 >1@>1:0, S: 7025@HCRG89 ?@>F5A 4>2>4:8 ?5@0 ;>?0B>: 02V04-
283C=V2, 157?>A5@54=P> 287=0G0є :V=F52C FV;VA=VABP ?>25@E=V V >?V@ 2B><V ;>-
?0B>: ?@8 >B@8<0==V B>G=8E ?@>DV;V2 28A>:>H284:VA=8< D@575@C20==S< V 
=0ABC?=>R >74>1;R20;P=>R >1@>1:>R. �;S >FV=:8 @V7=8FV E0@0:B5@8AB8: 
?>25@E=V ?5@0 ;>?0B>: ?@8 WE 283>B>2;5==V 1C;> 70?@>?>=>20=> ?>@V2=SB8 
45:V;P:0 284V2 DV=VH=>W >1@>1:8 ?VA;S 28A>:>H284:VA=>3> D@575@C20==S 
(�,(), 0 A0<5 @CG=5 ?>;V@C20==S, :><?;5:A=0 >1@>1:0 – @CG=5 ?;RA 2V1@>-
?>;V@C20==S V BV;P:8 2V1@>01@0782=0 >1@>1:0. 

#VA;S >1@>1:8 �,( D@570 70;8H0є =0 ?>25@E=SE ?5@0 ;>?0B:8 2848<V, 
B0: 720=V «AB@>G:8», D>@<0 V @>7<V@8 S:8E 20@VRRBPAS 2 70;56=>ABV 2V4 @568-
<V2, 2 >A=>2=><C 2V4 ?>40GV D@578, S:0 287=0G0є ?@>4C:B82=VABP D@575@C20=-
=S. �;S 2840;5==S :@C?=8E «AB@>G>:» 28:>@8AB>2CRBP @CG=5 ?>;V@C20==S, 
S:5 28:>=CєBPAS =0 ?>;V@C20;P=8E 101:0E ?>A;V4>2=> ?>;V@C20;P=8<8 :@C30-
<8 @V7=>W 75@=8AB>ABV. #V4 @CG=5 ?>;V@C20==S 70;8H0;8 7=0G=89 ?@8?CA:. 
+5@57 206:VABP, 2V4?>2V40;P=VABP, =0?@C65=VABP V <>=>B>==VABP @CG=>W ?@0FV, 
1C;> 28@VH5=> >AB0B>G=5 B>=:5 ?>;V@C20==S, S:5 70?>;V@>2C20;> @8A:8, I> 
70;8H0;8AP ?VA;S @CG=>3> ?>;V@C20==S, 28:>=C20B8 70 4>?><>3>R 2V1@>01@0-
782=>W >1@>1:8, B>1B> F5 є :><?;5:A=0 DV=VH=0 >1@>1:0 – @CG=5 V 2V1@>?>;V-
@C20==S. /: 20@V0=B B0:>6 1C;> 70?@>?>=>20=> 28:>@8AB>2C20B8 2V1@>01@0-
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782=C >1@>1:C 2V4@07C ?VA;S �,(, V 2 FP><C 28?04:C, ?>-?5@H5, =5 ?5@5410-
G0;8 4>40B:>2>3> ?@8?CA:C, 0, ?>-4@C35, 2 70;56=>ABV 2V4 @>7<V@C «AB@>G>:» 
2818@0;8 ABC?5=52C ?>A;V4>2=C >1@>1:C =0?>2=R20G0<8 @V7=>W D>@<8, <0B5-
@V0;C B0 75@=8AB>ABV. 

� @57C;PB0BV ?>?5@54=V 4>A;V465==S ?>:070;8, I> B@5BV9 20@V0=B ?@8 70-
157?5G5==V B0:>W 6 B>G=>ABV V S:>ABV 40є =0928IC ?@>4C:B82=VABP 70 @0EC=>: 
>1@>1:8 >4@07C 2AP>3> =01>@C ;>?0B>: (40-100 HBC: V 1V;PH5) 2 70;56=>ABV 
2V4 3010@8BV2 ;>?0B>:. �> B>3> 6 ACG0A=5 >1;04=0==S, =0 S:><C ?@>2>48;8 
2V1@>01@0782=5 ?>;V@C20==S – CAB0=>2:8 «Rösler» [2] – 40RBP <>6;82VABP 
H284:>3> 02B><0B8G=>3> A5?0@C20==S 45B0;59 2V4 =0?>2=R20G0, 7<V=8 =0?>2-
=R20G0, 70<V=8 @568<V2 B>I> 704;S 7=0G=>3> A:>@>G5==S 4>?><V6=>3> G0AC 
>?5@0FVW. � @57C;PB0BV є <>6;82VABP A:>@>B8B8 G0A DV=VH=>W >1@>1:8 7030;>< 
2 2–5 @07V2, I> G5@57 A2>R 0:BC0;P=VABP 287820є =5>1EV4=VABP ?@>2545==S 
?>40;PH8E 4>A;V465=P. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. Huang Yun Research progress of aero-engine blade materials and anti-
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AB0;52C AB@C6:C, <V4=V B0 0;R<V=Vє2V 2V4E>48, H;0: B>I>, V ?@5AC20B8 WE C :>@6V 
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G=89 A:;04, <V=V<0;P=5 >:8A;5==S B>I>. *5 71V;PHCє 2V@>3V4=VABP WE ?>2B>@=>3> 
28:>@8AB0==S, I> 2 C<>20E @5AC@A>715@565==S є 4C65 206;828<. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. �5@5BV;P=8: ". �. &5E=>;>3VW ?5@5@>1:8 <5B0;52>W AB@C6:8 ("3;S4) / 
". �. �5@5BV;P=8: // %CG0A=0 5;5:B@><5B0;C@3VS. – 2020. – № 1. – %. 31–38. 

2. NEWVISION. The uses and advantages of scrap metal balers [�;5:B@>=-
=89 @5AC@A]. – $568< 4>ABC?C: https://www.visionbaler.com/info/the-uses-and-

advantages-of-scrap-metal-balers-67500984.html (40B0 725@=5==S: 03.04.2023). 
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APPROXIMATION OF FUNCTIONS OF TWO VARIABLES ON 

LYAPUNOV SCELETONS 

The approximative properties of interpolational Lagrange polynomials, Fa-

ber – Laurent series of functions of two variables which are defined at an arbitrary 

closed Lyapunov sceleton, is stated. For functions from generalized Hölder spaces 
÷H  the estimations are conducted for norms of 1þp,L,H,C p÷  spaces [1]. 

Let 21 ÷÷÷ =  is sceleton which is formed by arbitrary simple closed 

Lyapunov contours 1÷  and 2÷  (origin is contained inside them). Let ( )21 ôô÷ ,  be 

the some modulus of continuity, and ( )ô1 , ( )ô2  are the simple moduli of con-

tinuity, which respect to that one; 1,1÷  denotes the mixed modulus of continuity of 

the second order [2]. Let ÷H  denotes the space of continuous functions ),t(x ô  at 

0÷ , which satisfy the conditions: 
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denotes interpolational Lagrange polynomial of the function ( )ô,tx  with re-

spect to the system of Fejér points , mp 2,...,0= , nq 2,...,0=  at the 

sceleton  [1]. Let us denote by mnF  the operator which assignes to any twice 

continuously differentiable function ( )ô,tx  at sceleton  (whose partial derivatives 

t

x




, 
ô

 x
, 

ô

t

x2

 belong to the space ÷H ) the mn -th partial sum of its double 

Faber – Laurent series. 

Тheorem 1. Let ( ) ÷ô H,tx   (its partial derivatives 
t

x




, 
ô

 x
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ô

t

x2
  belong 

to the space ÷H ), the points   m2
0ppt =

,   n2
0qq =

ô  form the system of Fejér points at 

the sceleton  and ( )( )ô,txLmn is the interpolational Lagrange polynomial which is 

formed with respect to this system of points. Then the estimation is true: 
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Тheorem 3. Let ( ) ( )1÷ô H,tx  , ( )÷÷ ,2С  [1]. Then the estimation is fulfilled 

( 1þp ): 
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MATHEMATICAL MODEL OF A FLANGED H-PLANE  

HORN WITH DIELECTRIC SLAB IN APERTURE 

An H-plane sectoral horn with the rectangular waveguide feed is studied us-

ing the generalized scattering matrix (S-matrix) method and domain-product tech-

nique (DPT). The structure incorporates dielectric slab flush with the flanged aper-

ture. The excitation mechanism involves the dominant mode. Calculated radiation 

characteristics have been presented for several configurations. A flanged radiator is 

efficient means for radiation of microwave energy used in phased arrays and flush-

mounted antennas. Dielectric loading is usually applied to protect such a structure 

from the environment and to improve impedance matching. Radiators of this type 

have been investigated in the past by many authors using different techniques. 

Typical configurations considered are open-ended waveguides covered with dielec-

tric slabs [1,2] or regular semi-infinite waveguides loaded by plugs with a rectan-

gular outline [3,4]. 

The radiator is shown in Fig.1. The relative permittivity of the slab is ¸. The 
modeled structure is uniform along the z-axis. It is excited by TE10 mode with the 

electric field component U=Ez. The problem is to find U satisfying the Helmholtz 

equation and appropriate boundary conditions. 
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Figure 1 – Radiator 

Using the method of the work [5], let us disjoin the structure into the autonomous 

multiangular blocks with homogeneous fillings. The decomposition scheme is present-

ed in Fig.2. The blocks are shown separated by a finite distance d. The calculation 

formulas are obtained for d→0. It is assumed that the apertures of the blocks and open-

ended waveguide have infinite planar flanges superposing for d=0. 

 

d  

ε 

d  

 

Figure 2 – Decomposition scheme 

The block is formed by an interior region, bounded by a polygon, and at-

tached half-planes. The total field in the half-plane consists of a possible incident 

wave, caused by the opposite building block, and waves propagating from the 

flanged aperture and obeying the radiation condition. 

The scattering matrix of a separate block is determined as follows. Following 

the DPT, we represent U in the interior region as  õ= juU , with 

( )
( )( )
( ) ( ) ( )jjn
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jjn

n

j

nj qce
qMe

qMe
Du ,

,0

,

2

2

0

ø
ø

õ
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=

= . Here, (ξj , ηj) are local elliptic coordinates 

related to the j-th boundary segment, cen(ηj , qj ) are even angular Mathieu func-

tions and 
( ) ( )jjn qMe ,2 ø  are relevant radial Mathieu functions. The known quantity 

qj is expressed through the electrical length of the segment and parameters of the 

medium [5]. 
( ) jnD  is a sequence of expansion coefficients. Half-planes, attached 

to the apertures, have separable geometry in elliptic coordinates and the sought-for 

function Ui, defined within the i-th half-plane, can be written in the form 
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. Here, ik

npS  

are elements of the scattering matrix, subject to definition. The second term repre-

sents an incident wave propagating from the opposite block. Next, using boundary 

conditions and orthogonal properties of the angular Mathieu functions, we get an 

infinite linear system with respect to ( ) jnD  and  iknpS . It is solved by means of a 

truncation procedure. 
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