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1. Introduction

*H;1;DB0 ;D=?D;;H;: MEE: FHE:K9JI ~ *I 7H; ?DOH;71?D=BO FH;L78;DJ ?D J>; 9EDIJHKONED ?D:KIJHO F7HI?9KB7HBO <EH 9>788;D=7D=
TFFB297IEDI 5 — 6  CED=J>; L7HEKI 1.*1 9HEII B7CD7J;: PC8;H  &. W7Dzl EKJ 71 7 <7LEH;z FHE-K9J)  &. 71 7 FH;<78H?97]; :
CKBJ? B70;H ;D="D; ;H; - MEE: C7J;H?78 O9ECFEI; - E< 7J8;71J J>H;; B70;HI E<8E7H:1 8ED:; = JE=;J>;HMN> 7:>;17L; KD: ;H FH;1IKH; 5 6
->; 711;C880 E<  &. IJHKOJKH; 1 8EJ> FH;<78H?97];- 7D: ED 12J; 1?7=D%?97DJBO H; :K9;1 9EDIJHKONED J?C;B8D;1 =7?D?D= FEFKB7HJO
7CED= 7H9>2J;9J1 7Dz 1JHK9JKH7B ;D=7D;;HI 5 6 (EJ78B0 &. ?1 M?:;BO ; CFBEO; : 7D J788 J2C8;H 8K”:?D= 9EDIJHKINEDI 5 6 71 ;N; CFB?
<?; 2 80 IJHKOQJKH; 1 B?2A; J>; C 7D: 1JEHO "*E""E ?D O?;DD7 = 7Dz J>; C 7D: 1JEHO &?=>J>EKI; $E;DIKK ?D $E;D
IKK 7=

H)?=>JD; 11 21 7 9H2?978 71F;9) D J>; 9ECC;H9?78 7FFB?97J?ED E< 8K%:?D= 9ECFED;DJI 5 6 CED= J>; DEJ78B; H;l;7H9> MEHAI
%KAA ;)78 5 6 2DL;10?7=7);: J>; 7HI?=>JD; 11 E< &. 8KM:?D= ;DL;BEF;1 9EDI?: ;HD=<79JEHI IK9> 71 ?D-EEH >KC?:20 EH?;DJ7)?ED 7D:
711;C880 .>;M<D:2D=17?D:?797J;: J>7) ? >?=>7D%?78 CE?JKH; 9EDJ;DI?D &. F7D;Bl1 7:L;HI;B0 7«;9J1 ;DL;BEF; 7?H?=>ID;11 22 M7
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Fig. 1. ""E"'E *>EJE 9EKHJ;I0E< , ,#.4

Fig. 2. &=>J>EKI; $E;DIKK

J;H ;NFEIKH; :KH?D= 9EDIJHKOJ?ED FEI;1 7 1?=D%?97DJ H?IA E< CE?1JKH; :7C7=; 777 L7H?7JEDI D 2D:EEH , " >7L; B?C%;: 7CF79JED &.
;DL;BEF; 7H F;HC;78%2]0 FHEF;H)?;1 7D- 7L 7 B70;H &. F7D;B 97D <KD9J?ED 71 7D ;<«<;9J°L; 7°H)?=>] 870;H ?D 8K%:?D= ;DL;BEF;I
FHEL?: ; = J>7] J>; DN?78 BEM CE?1JKH; 9EDJ;DJ ?1 C7DJ7D; - :KHD= 8EJ> 9EDIHKON?ED 7D: J>; 8KB:?D=18X%;IF7D **;HCI 5 6
FHEFEI; = ;DOBEI?D=J>; ;DJM; 8K%:?D= 9EL;HD= 9;%?D= ;8;C;DJI MN> J7HF7KB!DI 7D: ?DIKB7J?D= 9;%?D= ;8;C;DJI M2J> I8 7->;17L;
C;CB8H7D; 1 JE ;DIKH; 7H)?=>JD;11 7Dz M;7)>;H FHEJ;O?ED D  &. 8K:?D=1 #D 7DEJ>;H JK:0 “7HI?D ;J78 5 6KI;: CE:;8D=JE ;N
7CD; J>; ;<<;9J E<7TMB;7A7=; ED ;D;H=0 ;«?9?;D90 7D: :KH78%200 D 7 &. 8K%:?D=;DL;BEF; .>;09ED9BK:;: J>7]2D<MBIH7I?ED 1?=D%?
97DJBO ?DOH; 71 ; - BE97B ;NJ;HD7B M78B J>;HC78 F;HC;78%20 7D J>7)B;7A7=; 9EKB: B;7: JE CEB: =HEMJ>ED &. F7D;B IKK79;1 M>;D J>;
.7 5N9s ?D J>; BED=HKD %KA ;J78 5 G6<E9KI;: EDJ>; ?CF79)J E<?D:EEH , " H; :KOJ?ED 5<HEC JE ;GK%?8H?KC CE?I
JKH; 9EDJ;DJ = <HEC JE 6 ED J>; 7H F;HC;78%20 FHEF;HI?;1 E<  &. F7D;BlI M2> -%<<;H;DJ FHE : KOJ?ED J;9>DEBE=?;1 .>;
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H; IKBJI H;L;78; - J>7JB7H=;H 7HB; 7Al EQ9KH?D B70;H &. F7D;BI 9ECFT7H; : JE CEIJBO D;=B?=788; 7?HB;7AlI ’D B70;H F7D;Bl -AE=1J7: ;J
78 5 6 ;N7CD;: J>; 7H F;HC ;78820 FHEF;H)?;1 E< &. F7D;Bl 7D: J>;H 9EDD;9J?EDI <?D:?D=J>7] J>; CE?IJKH; 9EDJ;DJ :;9H;71;:
<HEC JE A= A= 7D: 7HB;7A7=; D J>; &. 9EDD;9JEDI 9EKB: ?DOH;71; KFJE J’C;l .>; UK:0 ;CF>71%P;: J>; "CFEHI7D9; E<
2;17=DD= &. 1JHKOJKH; 1 M2J> 1;78;: E?DJI JE C7DJ7?D 7H)?=>ID;11 - :2?ED7BBO %7B7C; ;1 7D: %KHD2JIA? 5 6 1JK:?;: CE?JKH;
JH7DIFEH] M2J>?D J>; EKJ;H M788 7D: MEE: <H7C; H;L;78?D= J>; GE?DJ I IKI9;FJ?8%82J0 JE BE978 ?D<BIH7J?ED M2> CE?IJKH; 9EDL;9J’ED
B;7:7D=JE CE?IJKH; 799KCKB7J?ED ED J>; DD;H IKH79; E<J>; EKJ;H 971?D= 7D: FHECEJD= CEB: =HEMJ> ;I?:;1 J>;1; MEHAl L7H?EKI
<?;B: C;7IKH;C;DJlI E< &. 8K®B:?D=I >7L; 8;;D 9ED:K9J;:5;= 5 - 66

= EH;EL;H 22 MEKB: 8; KI;<KBJE =?L; J>; :7J7 72D J>; IJK:0 E<%KAA ;J 78 5 6H;=7H:?D=J>; 7HF;HC;7D9; L78K;l E< &. ;B;C;DJI #D
J>;H UK:?;1  &. F7D;Bl 9EDJ7?D?D= >?=>;H D?78 CE?IJKH; 9EDJ;DJ 7FFHEN?C7J;80 sN>282; - J>; >7=>; 1) TH B;7A7=; H7J;I
7CED=J>; J;1J; - M781  J FH;1IKH; :%<;H;D9;1 E< 7D: *7 J>; C;7IKH; - 7MH B8;7A7=;1 2D J>;1; M78BI IKHF7I11;: J>; IF;9%?;:
J>H; I>EB: E< C C > #D9EDJH71) M78I M2J>BEM;H ?D2J?78 CE?IJKH; 9EDJ;DJ 7HEKD: - ;CEDIH7J; - DEJ78B0 BEM;H 7HB; 7A
7=; B;L;Bl .>; J;1J M7BBI 9>7H79J;HP; - 80 7 H; :K9; : ?D2J?78 CE?IJKH; 9EDJ;DJ : ; CEDIJH7J; - 7°HB;7A7=;1 8;BEM J>; FH;I9H?8; : J>H; 1>
EB: 7J 7 FH;IIKH; :%<;H;D9; E<  *7 H7D=?D= <HEC JE CcC C>

#D J>; 9EDIJHKOJ?ED ?D:KIJHO J>; 7:EFJ?ED E< IJ7D-7H:7P;  FH79J?9;1 >718; - JEJ>; FH;L78;DJKI; E<7:>;17L;1 7D: C;J78<71J;D;HI 71
9EDD;9J?EDI ?D 9EDJ; CFEH7HO J?C8;H 8K®:?D=1 H;F879?D= JH7:2)?ED78 MEE: JE MEE: 711;C88;1 ?D 1 *IBA; &. :>;IL; 8ED:?D=
FB701 7 17=D%<?97DJ HEB; ?D 1.* 80 9EDJH?8KJ?D= JE MEE: FHEJ;9J?ED 1JHKOQJKH7B IJH;D=J> B?=>JM;?=>] :;1?=D 7D: C2?=7J?ED E< D7JKH78
>KC?:2J0 D:K9; : I>HDA7=; 7D: IM;B8?D= ""EM;L;H J>; IKIJ7?D78%2)0 7D: ;DLHEDC;DJ78 ?CF79J E< 7:>;17L;1 >7L; H7?l; - 9ED9;HDI
FH?C7H®B0 H;=7H:?D=J>;H FEJ;DJ?78 JE ;CN JEN29 =71;1 ; = 0O) ;CI%EDI 7D: <EHC78:;>0:; :KHD=J>;MHB8X%;IF7D5 6 ;IFN;ED
=E?D= H;1;7H9> ;<«EHJI J>;H; 7H; 13788 9H?J?978 ?DGK??; 1 H;=7H:?D= J>; :;L;BEFC;DJ E< ;DLHEDC ;DJ7880 <H?;D:B0 8%E 871;: 7:>;17L;1
-ICB7HB0 C;J7B<71J;D;HI M>%; ;11;D1?787D A.*I FH;1;DJ 9>788;D=;1 9ED9;HD?D= ;D: E< B%; :?IFEI78 H;KI78%20 7D: H;909878%2]0
<KHJ>;H D;9; 1107J?D=J>; ;NFBEH7J?ED E< 7BJ;HD7J?L; IEBKJ?EDI 5 6

""EM;L;H 7CFB; EFFEHIKD2)?;1 ;N?1J <EH ;NFBEH?D= 7 L?788B; 7FFHE79> KJ%?P?D= FKH; 7D: IEB?: MEE: ;CFBEQ?D=ED; E<J>; EB:;1J JH7
S2ED7B GE?D?D= C;J>E:1 J>; 7:>;17L; 7D: C;J7B 9EDD;9JEHI <H;; = . . _.>; ;N?21J?D= 8E:0 E<BN;H7JKH; FH; :EC?D7DJBO <E9KI ;1 ED
J;9>DEBE=7978 7IF;9J1 E< A*I M2> L7H’EKI 9EDIJHKOJ?ED IEBKJ?EDI M>%; J>; 7L778788; B2J;H7JKH; 9ED9;HD?D= = . . FH?C7H%0 9ED
17131 E< 1JHK9JKH78 7D7801 ;1 7Dz CE: ;BJ;13?D= E<{E?DID= : ;J78I H7J>;HJ>7D 9ECFH;>;DIL; 711;11C;DJl E<J>; F;HEHC7D9; E<?DJ;=H78
9ECFED;DJI B?A; BEEH 18781 ;= , <l 5 6 .>?1 BPCN7JED >D: ;Hl 7 J>EHEK=> KD: ;HIJ7D:?D= E<J>; FEJ;D?7TBE< = . . D J>;
9EDIJHK9J?ED E< CKBJ? 1JEHO 8K?:?D=1 ;IF;9?780 9ED9;HD?D= 2JI ;DLHEDC ;DJ78 ?CF79] 7D: H;909878%2J0 5 6

2> H; 1 7H9> FH?C7HB0 9;DJ;HI ED -EL;J78 C7117L; MEE: 8E7H: ;8;C;DJl 7= 9ECFEI; : E< MEE: ;D 87C;B887; ?DJ;H9EDD;9J; :
KI?D=ED; E<J>; CEIJ 7D9?;DJ (E?DD= C;J>E:l 7= .>71 C7DK<79JKHD=J;9>D?GK; FHEL?: ;1 7D 7:>;17L; 7D: C;J 78 <71J;D;H <H;;
IEBKJ?ED J>7] ;DIKH; 1 J>; 781;D9; E< >7HC<KB 9>;C?978 ; C?II?EDI 5 6 12 H;FH;1;DJI 7 DEL;B 7FFHE79> J>;H; ?1 B2C2; - "DEHC7
JPED 7L778788; 9ED9;HD?D=J;9>D?978 7D: 1JHKQJKH7B F;HEHC7D9; D;9;112J7J2D=<KHI>;HH;1;7H9> 2D IF;9%?9 71F;9J1 1K9> 71 -?C;DI?ED78
1J78%2J0 5 6 IF7HIE<J>; E™1E FHE(;9) EL;J78;: "7H7L; 1EE: E7H: B;C;DJI<EH "KBJ? -JEHO KWB:?D=I 1;; 9ADEMS

;2=C;DJ 7THI=>ID; 11 J; I M;H; 9ED:K9J; - JE -;L;BEF ® . . <EH CKBJ? IJEHO 8K:7D=1 7?C?D=JEH;FB879; 9EDL;DJ?’ED78 1.*17D J>;
=BE878 C7HA;J
> UK:07?C; - JET7HL N> THFHC;7D9; E< = . . EHJ>?1 FKHFEL; ;NF;H?C;DJ78 ;B;C;DJI M;H; 97H;<KBBO FH;1;HL; - KD:;H

22137D9J H;B87J7L; >KC?:237;1 H;1KBI?D=?D L7HO?D= CE?I1JKH; 9EDJ;DJI .>; H;1;7H9> <E9KI;: ED ?DL;1J?=712D= >EM J>; 1JEH7=; 9ED:?)?EDI
7D: CE?IJKH; 9EDJ;DJE<J>;1; J; 1] ;B;C;DJI DBK;D9; - J>; 7HF;HC;7D9; L7BK;1 0 9ED:K9JD=J>;1; C;7IKH;C;DJl J>; UK:0 IEK=>)
JE =7?D DI1?=>J1 ?DJE J>; FEJ;DJ?78 ?CFB?97J?EDI E< CE?1JKH; B;L;BlI ED J>; EL;H788 7H F;HC;7D9; F;HEHC7D9; E< = . .

2. Air permeance test

->?1 1593%ED FH; ;D1 J>; 7H F;HC;7D9; 7D780171 97HH?; - EKJED = . . 7] .7CF;H; /DL;HI?20 1 K%:?D=*>01791 &78EH7JEHO M2J>
7D ;CF>7171 ED 7115 11?7D= :%<;H;DJ CE?IJKH; 9EDJ;DJI

2.1. Test specimens

->21 NK:0 ?DLEBL; - J>; DL; 13?=7J%ED E< J>H;; C7IIL; MEE: ;8;C;DJlI ;79> M2> :?1)?D9J :?C;DI?EDI .>; IC7BB; 1) ;8;C;DI C;7
IKH; = CcCX CCN CC M>%; J>; EJ>;HIME M;H; 7FFHEN?C7J;80 cCX CCN CCDIP; BJ;1);8

Fig. 3. =J7:]
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Fig. 4. EL;J7% M783 9EDD;9J%ED

;C;DII M;H; 9H7<); - <HEC FD; MEE: *?DKI 108L; 1JH?1 A= C :;DINO CE?1JKH; 9EDJ;DJ 7D: 711;C88;: KI?D= :EL;J7% (E?DJI
M2>EKJ J>; KI; E<7:>;17L; EH7 9BEI;H ;N7CD7IED 7= FHEL?:;17 -;J7%;: L2;ME<I>; 1725 ;-=; E<J>; J; 10 ;B;C;DJI 7BBKIH7J7D=
J>; FH;9?1; C;J>E: E<(E?D?D=J>; MEE: ;D F7HJI J>HEK=> J>; :EL;J77J;9>D?GK; .>; KIBP7JED E<J>?1 J;9>D?GK; ;DIKH;: 7 IJKH:0 7D:
H;B?78B; 9EDD;9J?ED 8;JM; ;D J>; MEE: ;D 9ECFED;DJI MN>EKJ J>; D;;: <EH 7::2%ED78 7:>;17L;1 #D 7::2ED :;F;D:D=ED ,"" J>;
IM;88?D= 7D J>; J>?9AD; 1l E<J>; J;1J I7CFB;1 M71 7THEKD: — CC M>?9> M71 D;=87=788; .>; CE?IJKH; 9EDJ;DJ E< MEE: :KH?D= FHE9; Il
D= M71 78EK] .>; “EL;J78 F7D;Bl M;H; C7DK<79JKH; : ?:;DJ?97880 7D: M;H; J>;H;<EH; H7D:ECBO FB79; : 7D :%<;H;DJ ?D:EEH 9ED
22%EDI JE C;71KH; J>; :%<;H;D9; D J>;H F;HEHC7D9; M>;D I1’CKB7J2D= M?DJ;H 7D: IKCC;H J?2C; 9ED:2%EDI

2.2. Description of the test method

->; J;10 C;I>E: ;CRBEO; = 2D J>?1 IJK:0 <EBEMI J>; =K?:;BD;1 EKIBD; = 2D IJ7D:7H: - - ( 5 6 .>; FH;1IKH; -%<H
;D9; 1 7FFB?; = JE J>; E8E;9) KHD=J;ID=H7D=; HEC *7JE  *7 _>; THF;HC;7D9; %; E<J>; IJHKOJKH; ?1 ;NFH;I1; - 7D J>; KDY

Fig. 5. BEl; KF E<J>; 1725 ;:=; E<J>; FID; MEE: J;1J ;8;C;DJ 711;C88; : M2> J>; :EL;J7%8 J;9>DGK;
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5C C | *76 KHD=J>; C;7IKH;C;DJ FHE9; Il J>; J; 1 F?;9; 71 1K8(;9); - JE J>H;; FH;IIKH; :%<;H;D9; IF?A;1 H7D=D=<HEC  JE
*7 #D 8;IM;;D J>;1; IF2A;1 J>; FH;HIKH; :%<;H;D9; 21 H; :K9; - JEP;HE EBBEM?D=J>?1 FH;IIKH; :%<;H;D9;1 E< *7  *7 *7
*7 *7 *7 7D:  *7 7H; 1;GK;DJ?7880 7FFB?; = J ;79> FH;1IKH; B;L;B J>; FH; 1IKH; :%<;H;D9; 7Dz 77HBEM H; 79> ;GK®?8HKC
TBBEM?D=J>; 9EBB;9J?ED E< :7J7 <EH 7L;H7=D= 71;: ED J>; C;7IKH;C;DJ :7J7 7 =H7F>?1 9EDIJHKOJ; = :;F?9)?D=J>; 7H BEM H7J; 717
<KD9J?ED E<J>; FH; 1IKH; :%<;H;D9; .>; IBEF; E<J>? =H7F>H;FH;1;DJI J>; 7H F;HC;7D9; %; E<J>; J;1JF?;9; M>;D J>; IKKT79; 7H; 771
C (EJ7880 J>; C;7IKH;C;DJ zE; 1 DEJ 799EKDJ <EH J>; D<BK;D9; E< 7H FH; 11KH; J;CF;H7JKH; 7Dz ,*" 71 J>;H 9KCKB7)L; ?CF79]
ED J>; H;IKBJI ?1 7FFHEN?C7J;80 KD: ;HB78EH7JEHO C;7IKH; C;DJ 9ED:?J?EDI

2.3. Main components of the research equipment

.>; THF;HC;7D9; ;GK?FC;DJ ; CFBEO; - 80 J>; 8K:7D= F>01791 H; 1 ;7H9> =HEKF M71 <?D78%P; - ?D J>; O;7H = .>71 ;GKF
C;DJ <;7JKH; 1 IGK7H; I>7F; - H;1;7H9> EF;DD= M%J> 17z ; :?C;DI?EDI C;7IKHD= cC

7= 2?IFB701 J>; 7H F;HC;7D9; ;GK?FC;DJ 8;?D= 1K8(;9J);: JE J;1JD= KHD= J>; FHE9; :KH; J>; J;1J F?;9; 71 7<«<N;: JE J>;
<H7C; 7D: J>; <H7C; 21 DI;H); z DIE J>; -;1?=D7J;: J;1J EF;DD= .>; C?::8; ?C7=; BBKIJH7J;1 7 9>7C8;H M>;H; J>; GK7DJ2J0 E< 7H
8BEMD ?1 C;7IKH; - KI?D=B7C?D7H ;8;C;DJI FEI?2J’ED; : 8;8EM #DI?:; J>; 9>7C8;H 7 8879A <BJ;H?1 I;;D M>?9>?l FEI?)?’ED; - M2>D 7
1J;;8 C;1> JE ;DIKH; 7 KDXEHC :?1JH?8KJI?ED E< FH;IIKH; M2>D J>; 9>7C8;H .>; FH;1IKH; :%<;H;D9; 79JD= EL;H J>; J; 10 F?;9; 21
=7K=;: L?7 7 >El; 120K7J;: 78EL; J>?1 <BJ;H #D J>; 879A=HEKD: E<J>; ?C7=; 7DEJ>;HJ;1J F?;9; 97D 8; E8I;HL;: MY> Al ;:=;10;]
JE 8; I;78;:

>3 ;1 F2;9;1 7H; 1;9KH;80 <71);D; 2 JE 7 C;J7B<H7C; <EHCD=7 >;HC;J?9 I;78 M2)> J>; 9EHH; IFED:?D= C;J78 FEH)?ED E< J>; ;GK?F
C;DJ .>; FH;1IKH; :%<;H;D9; ?1 =;D;H7J; - 80 7 LEBI7=; 9EDJHEBB; - :K9J <7D J>7J] "DIEHFEH7J;1 7 97HBED 8HKI>B; 1l CEJEH “H ?1 "DJHE
:K9;: DJE J>; ;GKFC;DJ 9>7C8;H J>HEK=> —  KHD;Il EDJHEBI 8H7D: B7C?D7H ;B;C;DJI 1.2J>D J>; B7C?D7H ;8;C;DJ J>; FH;IIKH;
:%<;H;D9; B?D; 7HBO 9EHH; IFED: 1 JE J>; GK7DJ2J0 E< 7H F711?7D= J>HEK=> M>?9>?1 799KH7J;80 C;7IKH; : KI?D= *-¢# BEM TK7H:

FH; HIKH; :%<;H;D9; JH7DIC2J;HI _>;1; JH7DIC2J;HI 7BIE =7K=; J>; FH; 1IKH; -%<;H;D9; ;N;H); - ED J>; J;1J F?;9;

.>; C;7IKH;C;DJFEDI<EH J>; FH; 1IKH; -%<;H;D9; ;NF;H?;D9; - 80J>; J; 10 F?;9; 721 FEI??’ED; - 8;JM; ;D J>; <BJ;H M>?9> =K7H7DJ; ;1
B7CID7H BEM 7D: J>; BEM;H IKHK79; E<J>; J; 10 F?;9; .>; EFFEI?D= ;D: E<J>? C;71KH;C;DJ ?l B?DA; - JE J>; ;NJ;HD78 7°H IKHHEKD - ?7D=
J>; J; 0 F?;9;

->; C;7IKH;C;DJ FHE9; 11 ?1 KD: ;H J>; 9EDJHEB E< 7 9ECFKJ;H ;GK?FF; : M2> J>; &780# 1 FHE=H7C 7D: J>; (7J?ED78 #DIJHKC;DJI
/- # ) 97H: .>; LEBJ7=; EKIFKI <HEC J>; FH;1IKH; :%<;H;D9; JH7DICJ;HI 9EHH; IFED 1 -?H;9J80 JE J>; FH; IIKH; :%<;H;D9; 7D:
J>?1 LEBI7=; 721 C;71KH; - KI?’D=J>; C;DJED;: # ) 97H: A.N>D J>; &780# 1 IE<IM7H; J>; LEBI7=; ?1 9EDL;HJ; : ?DJE 8EJ> J>; FH; 1KH;
1%<;H;D9; 7Dz J>; 7H <BEM H7J; ;NFH;II;: 7D :CW F;H CDKJ; .>; 9EBB;9J);: C;7IKH;C;DJ -7J7 ?1 9EDJ?DK78BO H;9EH: ;- 7D: IK8I;
GK;DJBO FHE9; I1; - KI?D= IFH;7:1>;;J IEXIM7H; <EH <KHJ>;H 7D7801?I

#D 7= 719>;C7)79 :77=H7C BBKIJH7J;1 J>; L7THEKI OECFED;DJI E<J>; -;L?9; .>; 788H;L?77ED :* H;<;HI JE J>; FH;lIKH; 2%<;H
;D9; H7DIC2I;H M>%; * 9D:797J;1 J>; 9ECFKJ;H H; IFEDI?88; <EH 9EDJHEBBD= J>; C;7IKH;C;DJ FHE9; Il 7D: 1JEHD= J>; E8J7D;:
77

_788;  FH;1;DJI J>; 978?8H7J?ED J°C; 1 <EH J>; FH?C7HO 9ECFED;DJI E< J>; C;7IKHD= ;GK?FC;DJ

2.4. Test preparations

>3 0510 F2;9;1 8785852 % 3 7D ) M;H; KIBWP;: D J>; WK:0 .>; IP;1 E<J>; J; 10 F2;9;1 L7H?; - 7Dz JE <N J>; C7TN?CKC :?C;D
1’EDI E<J>; H;1;7H9> EF;DD= J>; JME B7H=;HJ; 10 F?;9;1 % 7D: ) >7: JE 8; ITMD <HEC J>;M ;:=;1 .;IJF?;9; % M71 97H;<K880 9KJ JE
;DIKH; 7 I0CC;JH978 ?1JH?8KJ?ED E< zEL;J7%8EDJI D J>; 7H;7 JE8; C;71KH; = M>B; J;10 F?;9;1 3 7D: ) M;H; 9KI<HEC IME 17251 F;H
F;Dz29KB7H JE ;79> EJ>;H  11;C88D=1J>; J;1J F?;9;1 MN>EK] =BK; FEI; : >7D:8?D=9>788;D=;1 71J>;H MEE: ;D F7HJI CEL;: H;B7JL; JE
;79> EJ>;H T EH;EL;H J>; J>79AD; 11 E<J>; J; 10 F?;9;1 FH; 1;DJ; = = %<?9KBJ?;1 71 J>;0 9EKB: DEJ 8; 9ECFB;J;B0 17MD J>HEK=> <HEC ED;
17:; H;GKH?D= E9971?ED78 JKHD?D= E< J>; J; 1 F?;9;1 -KHD=J>; FHE9;Il EDI;GK;DJBO EDBO J>; <HIJ J; 1] F?;9; M71 I7MD ED 788 <EKH
1751

Fig. 6. M F;HC;7D9; ;GK?FC;DJ
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Fig. 7. .>; C7'D 9ECFED;DIJI E< J>; C;71KHD= ;GK?FC;DJ

Table 1
"*TH:MT7H; 978?8H7J?ED -7J7

= ;7IKHD= 1;L79; TB28H7JED :7; = ;71KH; C;DJ GK7DJN0
(7YED78 #DIHKC ;DI (¥ /- - LEBJ7=; 506

> BEM TK7H: D;M 79GKM; : FH; 11KH; :7%«<;H;D9; 5*76
KHD; Il EDJHEBI ) ! & ;8HK7HO 7H BEM H7J; 58 C?D6

-ME E<J>; J>H;; J; 10 17CFB; 1 >7: JE 8; 9KJ JE <2J J>; J; 10D= ;GK?FC;DJ .>; <HIJ I7CFB; M71 9KJ 71 I0CC;JH?97880 71 FEI1?88; 8KJ
J>?1 H;GKM; = ;7=> |;F7H7); 9KJI 7D: J>; BEEI; 1JHKOJKH; C7:; 2 9>788;D=?D= JE <8?F J>; 17CFB; KFI?z; :EMD I;L;H78 J°C;I JE 787=D
M2J>J>; 17TM =K?z ;1 _E C7A; J>; FHE9; I ICEEJ>;H J>; |;9ED: I7CFB; M719KJ ED (KIJ JME 7:-679;DJ 172 ;1 1.>%; J>?1 :%<;H;D9; D 9KJ
JID= TFFHE79>;1 9EKB: ?DJHE:-K9; 7 IEKHI; E< ;HHEH J>; DKCS8;H E< =7FI ?D 8EJ> I7CFB;1 M71 D;7H0 J>; 17C; .>; I0CC;JH?9 9KJJ?D=
C;J>E: H;IKB); - D ;7=>] =7FI 8;IM; ;D J>; FB7DAl M>%; J>; EJ>;H C;J>E: ;8?C?D7J; : ED; .>?1 ?19H;F7D90 ?I DEJ 1?=D%<?97DJ ;DEK=>
JE ;NFB7?D 7DO L7H?7J?EDI ?D J; 1J H; IKBJI - :2?ED7880 ?C7=;1 E<J>; I7CFB;1 7J J>; J?C; E< C7DK<79JKH?D= I>EM DE 7FF7H;DJ =7FI 7D:
J>; F2;9;1 zEDEJ ;7180 I>%] 7=7D1) ;79> EJ>;H ""EM;L;H J>; 3 17CFB; M>?9> 71 J>; tH?; 1) ;N>?821 7 <;M CM8?C;J;HI E<=7FI ED J>;
EKJ;HB70;HI 7Dz 21 F?;9;1 1822 ; M2J> B2J38; H; 17107D9; .>; J; 1JI M;H; 9ED:K9J; z 7D L7HO?D= CE?1JKH; 9ED:?2)?EDI 8;97KI; ?D ?DB7D: I
?D:EEH 98?C7J); MEE: :?C;DI?EDI 9>7D=; M%> J>; 7DDK78 M;7J>;H 9098; .>; 7?C E<J>; J; 01?1 JE :;J;HCID; M>;J>;H J>; 1JHKOJKH; A
1;8< 97D C;;J 8KB:?D= 9E:; H;GKM;C;DJl

;<EH; 9ED:zK9JD=J>; J; I J>; J; 10 F?;9;1 M;H; 1JEH; 2 2D :%<;H;DJHEECI M2J> L7HO?D= , ** B;L;BI  EDI;GK;DJBO J>; CE?JKH; 9ED
J;DIE<J>; J; 0 F2;9;1 L7H?; = 799EH: D= JE J>; H;IF;907L; , " 9ED:2?EDI .>; ?DJ;DJ?ED 8;>?D: ; CFBEO?D= :%<;H;DJ 1JEH7=; 9ED:?J?EDI
M71 JE E8I;HL; J>; 2CF79J E< 9>7D=1D= CE?1JKH; 9EDJ;DJ ED J>; 7H F;HC;7D9; 9EDI?: ;HD=J>; I;7IED78 L7H?7J?EDI ?D ?DB7D: .788;
FHEL?Z ;17 z;J7%; = FH;1;DJ7)?ED E<J>; IJEH7=; 9ED:EDI <EHJ>; J; 10 F?;9;1 EHJ;1IF?;9;137D: ) J>; L78K; 17D .788; M;H; 9789K
B7J; - <EHJ>; F;HE: 8;IM;;D (EL;C8;H 7D: T TH9> M>%B; <EH J; I F?;9; % J>; 9789KB7)?ED M71 ED; <EH J>; F;HE: 8;
JM;;D D9JE8;H7D: ;9;C8;H .>; 79JK78 C;71KH; C;DII <EH J; U F?2;9; % M;H; J7TA;D D ;9;C8;H 7Dz <EHJ; 1 F?2;951
37D: ) J>; C;7IKH;C;DJl M;H; 9ED:K9J; - 72D = 7H9>

.>; CE?1JKH; 9EDJ;DJ E< J>; J; U F?;9;1 M71 JEE BEM JE 8; 799KH7J;80 C;7IKH; - KI?D= 7 IF?A; CENIKH; C;J;H 71 H;87788; H; IKBII
9EKB: DEJ 8; E8J7?D;: MW>J>? C;J>E: ""EM;L;H <EHJ; 10 F?;9;1 % 7D: ) J>; CE?IJKH; 9EDJ;DJ M71 -;J;HC?D; - 80 EL;D -HOD= H;
1KBJ?D= 7D L7BK; | E< 7D: 80 M;?=>J H;IF;907L;80 ->;1; L7BK; 1 H;FH; 1;DJ; - 7L;H7=; CE?1JKH; 9EDJ;DJI 79HEIN J>; ;DJIH;
J>9AD; 11 E<J>; H;1F;907L; J; 10 ;8;C;DIl ;1 F?;9; 3 >7: 8;;D FH;FH;I5HL; - ?D ;L;D zH?;H 9ED:2?EDI 7D: DEJ?9;78B; =7FI 8;JM; ;D

Table 2
-JEH7=; 9ED:z2?EDI E<J; 1) F?;9;1 8;<EH; 7H F;HC;7D9; J; LI

*HEJEJOF; L 3870005 >KC?:2005 "6 7L;H7=; W7D:7H: - L70ED - ;CF;H7JKH; 5T 6 7L;H7=; W7D:7H: z;L?7)%ED -

%

3




H.E. ligin et al.
J>; MEE: ;D F7HJI M;H; E8I;HL; - :K; JE J>; :HOD= I>HDA7=; E<J>; MEE: /D<EHIKD7J;80 2J M71 DEJ FEI1788; JE J7A; F?;9;1 <HEC J; 1]

1.>;D 9EDI?: ;HD= J>; CE?JKH; 9EDJ;DJ L78K;1 2] ?1 ?CFEHJ7DJ JE 79ADEMS; :=; J>7J J>; J;1J ;8;C;DJI -?: DEJ 79>?;L; 9ECFB;J;
CE?1JKH; 9EDJ;DJ ;GK7BP7IED .>?1 M71 FH2XC7HBO :K; JE J>;%H J>?9AD; 11 M>?9> H;IKBJ; z 2D 7 IBEM JH7DI<;H E< CEJKH; M2J>D J>;
MEE: .>;J;lIF;9°C;DI >7L; DEJ >7: J?C; JE ;GK78P; JE J>; ,"" 799EH:?D=JE J>; IJEH7=; 9ED:?J?EDI J>HEK=>EKJ J>;%H J>?9AD; Il 8;
97KI; J>?21 MEKB: >7L; J7A;D 7 >K=; 7TCEKDJ E<J?C; )DJ>; EJ>;H>7D: J>?1 21 DEJ J>; 971; 2D H;78 IHKOIKH; 1 ;20>;H ""EM;L;H J>; J; 1)
H; IKBII I>EM J>7J ;L;D 7 z;9H;71; 7D J>; CE?1JKH; 9EDJ;DJ D J>; IKH79; B70;HI E< J>; J;1J IF;9?7C ;DI 97KI; 7D ?D9H;71; 7D 7H F;HC;
7D9;

-E ;DIKH; 799KH7J; C;7IKH;C;DJ E<J>; 7HBEM J>HEK=>J>; J; 10 F?;9;1 2 M71 D;9;117HO JE 97H;<KBBO ;78 J>; ; :=;1 E<J>; J; 1) ;B;
C;DJI  EHJ>? FKHFEI; 1.;8;H M7J;HFHEE<?D= FHE:K9JI 1;8;H 1.*7D: 1;8;H ~ M;H; 7FFB?; : JE J>; L;HI?978 ; -=;1 <EBBEM?D=
J>; CT7DK<79JKH;H 1 ?DIJHKOI?EDI JE FH;L;DJ 7DO 7H B;7Al  71;: ED EKH E8I;HL7)?EDI 7FFBO?D= JME JH;7JC;DJI E< 1;8;H ~ <EB
BEM;: 80 J>H;; C;J?9KBEKI 7FFB?97J?EDI E< 1 ;8;H A* FHEL;: ;<«;9J2L; D FH;L;DJD= ;:=; B;7Al )D9; J>; |;782D= 9ECFEKD: I >7:
tH?; - W MTI;11;DI?78 JE 1;9KH;B0 <71J;D J>; J; 10 F?;9;1 JE J>; C;7IKHD=<H7C;1 D 7 C7DD;H J>7J 71 8EJ> 17<; <EH B%J?D=7D: 7HI?=>]
A>%; J>; QHUJ; I F?;9; % 9EKB: 8; 1K99; 11<KBBO 9EDD;9J; - KI?D=1J>; |;78?D= 9ECFEKD: 7BED; J>; EJ>;HIME J;lJ F?;9;1 H;GKM; : J>;
KI; E<I1>;;J C;J78F87J;1 2D 7- 2ED JE J>; 1;78D= C;J>E: | -;I19H?8;: 78EL; .>?17::2ED78 1J;F M71 D;9;117HO JE 79>7;L; 7 9ECFB;J;
7D: H;B?78B; 1;7B <EH J>; IK8I;GK;DJ C;7IKH;C;DJI

2.5. Flow of measurement

-EFH;F7H; J>; C;7IKHD=9>7C8;H<EH J; 1J?2D= J>; I;787D= IKH<79; M71 J>EHEK=>80 98;7D; - 7D: 7D 7FFHEFH?7J; I;787DJ M71 7FFB?; :
8;IM;;DJ>; 9B;7D C;J78 IKK79;1 .>; J; 1) ;8;C;DJ ;DRBEI; - MU>D J>; C;J7B<H7C; M71<HCBO I;9KH; - JEJ>; C;7IKH;C;DJ9>7C8;H
K1?7D=987CFI JE ;DIKH; 9ECFB;J; 7HJ?=>JD; 11 71 z;F?9);: 7 7%= (NI J>; <7D M71 7902L7J; - 7D: 7 FH;B?C?D7HO 9>;9A <EH FEJ;DJ?78
B;7A1 M71 9ED:-K9J; - 80 IK8(;9J?D=J>; 101J;C JE 7 H;B7J7L ;80 >?=> FH; IIKH; :%<;H;D9; H7D=D=<HEC  JE *7 DO DEJ9;788; B;7Al
M;H; FHECFJB0 7: zH;11; : 80 7FFB0?D= IKN788; C;71KH;1 #D FH;L?EKI ;NF;H?C;DJI M; KIBP;: =BK; 7D: I;78?D= 9ECFEKD: <EH F7J9>
7D=18;7Al 8KJ?D J>; CEIJH;9;DJH?78 7 9EC8D7J?ED E< C;BJ;: 1J;7HD 7D: F7H7«?D M71 ;CFBEO; : :K; JE 21 GK?9A;H :HOD= )?C; 7D:
;717;H>7D:82D=  EJ> C;J>E:l FHEL;: ;<<;9J?L; ?D 1;78?D= 788 - ;J;9J788; B;7A7=; FE?DJI 1 I>EMD D =  J; F?;9; 3 M71 1K99; 11
<KBBO 1;78; = M2>D J>; C;7IKHD=9>7C8;H KI?’D= 7 9EC8D7J?ED E< I>;;J C;J78 7:>;17L; C711 7D: <?D780 7 CNJKH; E< 1J;7HD 7D:
F7H7<<?D .>?1 9ECFH;>;DI’L; 7FFHE79> ;DIKH; - 7 H;B?78B; 7D: 7?HJ?=>J ;7B <EH J>; J;1J?D= E< J>?1 J; ) F?;9;

3. Test results

.>; <D:D=I :;HL;: <HEC J>; 7H F;HC;7D9; C;7IKH;C;DJI 7H; EKJB?D; - 9ECFH;>;DI7L;80 7D .788;  .>; IKH<79; 7H;71 E<J>; H;
IF;907L; J; 10 F?;9;1 -KHD=J>; C;7IKH;C;DJ M;H; 71 <EBEMI _;1JF?;9; % >7: 7 IKH79; 7H;7 E< C .;F?%;9; 3>7: 7 IKK79;
TH;7 E< C 7D: .;NF?2;9; ) >7: 7 IKKT79; 7H;7 E< C

KHD=J>; 7H F;HC;7D9; C;7IKH;C;DJ E<J; 1] F?;9; 3 J>; 7™M BEM H7J; IKHF7II; - J>; C;7IKHD= 97F7920 E< J>; ;GK?FC;DJ E<

CWF;HCMDKI; 7Dz J>?1 EQOKHH; = 73 7 FH; 1IKH; =%<;H;D9; E<  *7 #D 7=  J>; C;7IKH;C;DIH;IKBII <HEC .788; 7H; L?IK78BO
2;F29J;: 7D 7 =H7F>?978 H;FH; 1;DJ7J?ED

0 F;HEHC?D= 9789KB7J?EDI J>7J 9EDI?: ;H J>; -?C;DI?EDI E<J>; J; 1) F?;9;1 7Dz 9EDL ;H)?D=J>; KDI 799EH:?D=80 J>; 7H F;HC;7D9;
%; <EH ;79> J; 10 F?;9; 97D 8; :;J;HCD;: 7Dz 7?1 FH;1;DJ;: 7D . 788;

#D = J>; TH F;HC;7D9; %7 E<J>; J; 10 F2;9;1 71 =H7F>;: 7=7D1J J>; ,"" E<J>; IJEH7=; 9ED:??EDI .>; =H7F> :;CEDIH7J;17
DEJ?9;788; JH;D: 71J>; ,"" HI;1 J>; 7HF;HC;7D9; %, I>EMI 7 - ;9H;71?D= F7JJ;HD

4. Discussion

99EH:?D= JE J>; ?DD?1> =K?:;B?D;1 <EH 8K%:?D=1 M7J;H 7D: :7CF FHEE<D= ,#& - 5 6 NWAIF;9%;: >7)J>; TH
F;HC;7D9; E<J>; 7H 87HH?;H I>EKB- DEJ IKHF711 X C C I*7 D780PD=J>; J;1J H;IKBJI 2 8;9EC;I ;L?:;DJ 1>7) J>; 7H

Fig. 8. -;78D=J>; J; 10 F?;9; 3JE J>; <H7C; 7D: C;7IKH;C;D] 9>7C8;H
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Table 3
,;1KBJI E< 7 F;HC;7D9; C;7IKH;C;DJ

*H; 1IKH; 7%<<;H;D9; 5*76 H BEM H7J; J>HEK=> J>; J; 1) F?;9; 5:CW C’D6

5 HF9; %

3 F%9; 3

UF39)

Fig. 9. M BEM H7J; J>7) BEM; - J>HEK=>J>; J; 1) F?;9;1 71 7 <KD9J?ED E< J>; FH;1IKH; :%<;H;D9;

Table 4
M F;HC;7D9; E<J; 1) F?;9;1

*HEJEJOF; H F;HC;7D9; %; 5 C C1*76

%
3
D)

.>; E8J7?D;: 7H F;HC;7D9; L78K;1 97D 8; 1K8(;9J; - JE 9ECF7HIED M2> J>; ?DD?> =?D?1JHO E< J>; DLHEDC;DJ I H;=KB87J?ED ED
J>; ;D;H=0 ;<?9?;D90 E< D;M 8K%:?D=I 7D: J>; CTN?CKC F;HC?11788; 7HB;7A7=; DKC8;H E< J>; 8K?:?D= ;DL;BEF; G
5C C >6IF;9%%;:J>;H;"D5 6 .>; G DKCS8;HH;FH;1;DJI J>; GK7DJ2O E< 7H J>7J B;7Al J>HEK=> J>; 8K%:7?D= ;DL;BEF; ?D 9K879
C;J;Hl F;H >EKH <HEC 7D 7H;7 E<ED; IGK7H; C;J;H M>;D IK8(;9J;: JE 7 FH; 1IKH; :%<;H;D9; E<  *7 | F;HJ>; H;=KB7J?ED J>; 8K":

D=1 7H B;7A7=; DKC8;H G I>EKB: DEJ ;N9;;: C C > _E 97B9KB7J; J>; G DKCS8;HI E< J>; J; 1 F?;9;1 J>; <EHCKB7
G %, X FX 1 > 71 ;CFBEO; z M>;H; %7 721 J>; 7H F;HC;7D9; 9E;<«?9?;DJ  F H;FH;1;DJI J>; FH;IIKH; :%<;H;D9; *7
7D: J>; 9E;<«?9?;DJ I >9EDL;HIJI 1;9ED: 1 JE >EKHI .>; 9789KB7J;: G DKCS8;HI<EHJ>; J;1J F?;9;1 7H; 71 <EBBEMI % CcC C»>

3 C C> 7D:) C C > HECJ>; H;IKBII 2?1 ;L?:;DI J>7J ;10 F?2;9; 3 M>?9> ;N>?8%; = J>; >7=>; 1) 7H F;HC;7D9;
tE;1 DEJ C;;J J>; FH;I9H?8; - 9ED:2J%ED <EH J>; EKJ;H ;DL;BEF; E<J>; 8KB:?D= 71 1;J 7D J>; H;=KB7J?ED



H.E. ligin et al.

Fig. 10. M F;HC;7D9; 71 7 <KD9JED E< J>; ,** E<J>; NJEH7=; 9ED:2?EDI

/FED 7D780P?D=J>; H;IKBJI 2 ?1 9HK9?78 JE 9EDI?: ;H J>7J 7D 79JK78 IJHKOJKH; 1 78J;H7J?EDI 2D J>; ,"* E<?D:EEH 7HB;7: JE 9>7D=;1 D
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