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Î äèíàìèêå ïîëèìåðíûõ ðàñòâîðîâ ñ ó÷åòîì

ãèäðîäèíàìè÷åñêîãî øóìà

Ïðîâåäåíî îáîáùåíèå óðàâíåíèÿ Ðàóçà-Çèììà äëÿ âåêòîðà ïîëîæåíèÿ çâåíà
ïîëèìåðà, ó÷èòûâàþùåå ýôôåêòû âÿçêîãî ïîñëåäåéñòâèÿ è ãèäðîäèíàìè÷åñêîãî
øóìà. Â êà÷åñòâå ñëó÷àéíûõ ñèë, îòâåòñòâåííûõ çà øóì, âçÿòû ñëó÷àéíûå ôëóê-
òóàöèè òåíçîðà íàòÿæåíèé óðàâíåíèé ãèäðîäèíàìèêè. Â ðåçóëüòàòå íà çâåíî äåé-
ñòâóåò ñëó÷àéíàÿ ñèëà, ñïåêòðàëüíûå ñâîéñòâà êîòîðîé íå äåëüòà êîððåëèðîâàí-
íû, è îïðåäåëÿþòñÿ ãèäðîäèíàìè÷åñêîé âîñïðèèì÷èâîñòüþ ðàñòâîðèòåëÿ. Îïå-
ðàöèÿ ïðåäâàðèòåëüíîãî óñðåäíåíèÿ òåíçîðà Îçååíà íåñòàöèîíàðíîãî óðàâíåíèÿ
Íàâüå-Ñòîêñà ïîçâîëèëà ñâÿçàòü âðåìåííûå êîððåëÿöèîííûå ôóíêöèè êîìïîíåíò
ðàçëîæåíèÿ Ôóðüå ïîëîæåíèÿ çâåíà öåïè ñ êîððåëÿöèîííûìè ôóíêöèÿìè ãèäðî-
äèíàìè÷åñêîãî ïîëÿ, ïîðîæäàåìîãî øóìîì. Îêàçàëîñü, ÷òî ãëàâíûé ÷ëåí äàëü-
íå âðåìåííîé çàâèñèìîñòè ÊÔ ñêîðîñòè öåíòðà ìàññ ãëîáóëû èìååò äðîáîñòå-
ïåííóþ çàâèñèìîñòü, è íå çàâèñèò îò åå ïàðàìåòðîâ. Âðåìÿ ðåëàêñàöèè è êîýô-
ôèöèåíò äèôôóçèè ìàêðîìîëåêóëû êàê öåëîãî òàêèå æå, êàê è â ìîäåëè Ðàóçà-
Çèììà.

Àíàëèç êèíåòè÷åñêèõ ÿâëåíèé ðàçáàâëåííûõ ðàñòâîðîâ ïîëèìåðîâ âî
ìíîãèõ ñëó÷àÿõ îñíîâûâàåòñÿ íà ìîäåëüíîì ïðåäñòàâëåíèè ïîëèìåðíîé
ìàêðîìîëåêóëû â âèäå íàáîðà áóñèíîê, ñâÿçàííûõ â öåïü [1,2]. Â ìîäåëè
Ðàóçà-Çèììà íà êàæäîå çâåíî ïîëèìåðíîé öåïè äåéñòâóþò ñèëû ñî ñòîðîíû

ñîñåäíèõ çâåíüåâ ch

n
f
r

, ñèëà òðåíèÿ î ðàñòâîðèòåëü fr

n
f
r

 è ñëó÷àéíûå ñèëû

n
f
r

, âîçíèêàþùèå çà ñ÷åò ñòîëêíîâåíèé çâåíà ñ ìîëåêóëàìè ðàñòâîðèòåëÿ.

Ðàñòâîðèòåëü ÷àñòè÷íî óâëåêàåòñÿ â äâèæåíèå ïîëèìåðíîé öåïè, ïîëå ñêî-

ðîñòè ðàñòâîðèòåëÿ ( )xυ
r r

 âîçìóùàåòñÿ, è ñèëà òðåíèÿ çàïèñûâàåòñÿ â âèäå
ñèëû òðåíèÿ Ñòîêñà

( )fr n
n n

d x
f x

d t
ξ υ

 
= − − 

 

r
r r r

. (1)

Çäåñü nx
r

 � âåêòîð ïîëîæåíèÿ çâåíà öåïè (áóñèíêè) ðàäèóñà b, ξ = 6πηb,

η � âÿçêîñòü ðàñòâîðèòåëÿ. Íàìè â ïóáëèêàöèÿõ [3-5] áûëî ïðîâåäåíî îáîá-
ùåíèå ïîñòðîåíèÿ óðàâíåíèÿ Çèììà ñ ó÷åòîì ýôôåêòîâ âÿçêîãî ïîñëåäåé-
ñòâèÿ. Âìåñòî ñèëû òðåíèÿ Ñòîêñà áûëà èñïîëüçîâàíà ñèëà òðåíèÿ Áóñèíå, à
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òåíçîð Îçååíà ñòðîèëñÿ íà îñíîâå íåñòàöèîíàðíîãî óðàâíåíèÿ Íàâüå-Ñòî-
êñà. Çàïèøåì ìîäèôèöðîâàííîå óðàâíåíèå Çèììà ïîñëå ïðåîáðàçîâàíèÿ
Ôóðüå ïî âðåìåíè. Â êîíòèíóàëüíîì ïðèáëèæåíèè ïî äèñêðåòíîé ïåðåìåí-
íîé óðàâíåíèå äâèæåíèÿ äëÿ n � ãî çâåíà ïîëèìåðíîé öåïè èìååò âèä

( ) ( ) ( ), 21
( )

ch
i x n f n f n M x n

ω ω ω ω
α α α αωω ω

ξ
 − = + + + 

( ) ( )
2

2

2 2

0

3
N

B
nm

xk T
dmH f m M x m

a m

ω
βω ω ω

αβ β βω
 ∂

+ + + 
∂  

∫ . (2)

Â ýòîì óðàâíåíèè à � ñðåäíÿÿ äëèíà çâåíà öåïè, Ì � ìàññà áóñèíêè

( )21
1

9
b bωξ ξ χ χ = + +  

, /iχ ωρ η= − , (3)

çàâèñÿùèé îò ÷àñòîòû êîýôôèöèåíò òðåíèÿ ñ ïîëîæèòåëüíîé âåùåñòâåííîé
÷àñòüþ χ , ρ � ïëîòíîñòü ðàñòâîðèòåëÿ,

( )( ) ( )nmH H x n x mω ω
αβ αβ= −

rv
 � Ôóðüå � îáðàç òåíçîðà Îçååíà. ßâíûé âèä

ýòîãî òåíçîðà ïðèâåäåí â [3]. Çäåñü æå çàïèøåì ëèøü åãî çíà÷åíèå ïîñëå ïðåä-
âàðèòåëüíîãî óñðåäíåíèÿ ïî ðàâíîâåñíîé ïàðíîé ôóíêöèè ðàñïðåäåëåíèÿ

( ) ( ) 3 / 2
2

2 3nmP r a n mπ
−

= − ( )2 2exp 3 2nmr a n m − −  ,

( ) ( )nmr x n x m≡ −
r r r

, (4)

îòìåòèâ óñðåäíåíèå óãëîâûìè ñêîáêàìè ñ íîëèêîì

( )
0nmH h n mω ω

αβ αβδ= − , (5)

( ) ( ) ( ) ( ) ( )
1/ 2 13 26 1 exp erfch n m n m a z z zω π η π

− −  − = − −   ,

( )1/ 2

6z a n mχ≡ − .

Ïðèáëèæåíèå ïðåäâàðèòåëüíîãî óñðåäíåíèÿ ñóùåñòâåííî óïðîùàåò ñèñ-
òåìó óðàâíåíèé (2), òàê êàê îíà ñòàíîâèòñÿ ñèñòåìîé ëèíåéíûõ èíòåãðî-äèô-
ôåðåíöèàëüíûõ óðàâíåíèé ñî ñëó÷àéíûìè èñòî÷íèêàìè (óðàâíåíèÿìè Ëàí-
æåâåíà). Â êîíòèíóàëüíîì ïðåäåëå ñëåäóåò äîáàâèòü äîïîëíèòåëüíûå óñëî-
âèÿ äëÿ êîíöåâûõ ìîíîìåðíûõ çâåíüåâ

( ) 0x n nω∂ ∂ =
r

, n = 0, N . (6)

Ðåøåíèå óðàâíåíèé (2) óäîáíî èñêàòü â âèäå ðàçëîæåíèÿ íî âíóòðåííèì
ìîäàì öåïè ïðåîáðàçîâàíèåì Ôóðüå
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( ) ( )0 1
2 cos

pp
x n y y np Nω ω ω π

≥
= + ∑r r r

,

( )1

0
( ) cos /

N

p N
y dn x n np Nω ω π= ∫
r r

. (7)

Â ýòîì ñëó÷àå àìïëèòóäû p
yωr  îïðåäåëÿþòñÿ ëèíåéíûìè àëãåáðàè÷åñêè-

ìè óðàâíåíèÿìè. Ýëåìåíòè Ôóðüå-ïðåîáðàçîâàíèÿ ìàòðèöû

( )
2

0 0

1
cos ( / ) cos( / )

N N

pqh dn dm h n m pn N pm N
N

ω ω π π= −∫ ∫ (8)

ïðè áîëüøèõ çíà÷åíèÿõ èíäåêñîâ äèàãîíàëüíûå. Åñëè îáà èíäåêñà ïîðÿäêà
åäèíèöû, òî íåäèàãîíàëüíûå ýëåìåíòû èìåþò ÷èñëîâóþ ìàëîñòü ïî ñðàâíå-
íèþ ñ äèàãîíàëüíûìè [2]. Ïîýòîìó ìîæíî ïðèáëèæåííî ïðåíåáðå÷ü íåäèà-
ãîíàëüíûìè ýëåìåíòàìè, à â (8) èñïîëüçîâàòü ðåçóëüòàòû ïðåîáðàçîâàíèÿ
äëÿ ð≈1 â òàêîì æå âèäå, êàê è äëÿ áîëüøèõ ð. Â ýòîì ñëó÷àå äëÿ àìïëèòóä
Ôóðüå-ðàçëîæåíèÿ ïîëó÷åí ðåçóëüòàò

1
2

p p p py f i M K
ω ω ωω ω

−
 = − Ξ − + 

rr
,  (9)

ãäå

1
1 (2 )

0
Nhp ppp

ω ω ωξ δ 
  

−
Ξ = + − , è K

p
 = 3p2p2k

B
T/(Na)2, p = 0, 1, 2 � (10)

Ñïåêòðàëüíûå ñâîéñòâà àìïëèòóä ñëó÷àéíûõ ñèë pf ω
r

 ñëåäóþò èç ôëóê-

òóàöèîííî-äèññèïàòèâíîé òåîðåìû [6], òàê ÷òî

( )
0

Re
(2 )

B
p q p pq

p

k T
f f

N

ω ω ω
α α αβδ δ δ ω ω

δ π
′ ′= Ξ +

− . (11)

Ñ ó÷åòîì ýòèõ ñïåêòðàëüíûõ ñâîéñòâ ñëó÷àéíîé ñèëû íàìè [5] áûë ïðî-
âåäåí àíàëèç äèíàìèêè ðàçáàâëåííûõ ïîëèìåðîâ.

Ýòî íå åäèíñòâåííûé ñïîñîá çàäàíèÿ ñïåêòðàëüíûõ ñâîéñòâ ñëó÷àéíûõ
ñèë â òåîðèè áðîóíîâñêîãî äâèæåíèÿ. Öåëüþ ïîñëåäóþùåãî èçëîæåíèÿ ÿâ-
ëÿåòñÿ èçó÷åíèå ñâîéñòâ ñëó÷àéíûõ ñèë, äåéñòâóþùèõ íà ýëåìåíòû ïîëèìåð-
íîé öåïè, íà îñíîâàíèè äðóãîãî ïîäõîäà. Ïðè äâèæåíèè ñôåðè÷åñêîé ÷àñòè-
öû â æèäêîñòè áóäåì ó÷èòûâàòü íàðÿäó ñ ïîëåì ñêîðîñòè, âûçâàííûì äâè-
æåíèåì ýòîé ÷àñòèöû, äîïîëíèòåëüíîå ïîëå ñêîðîñòè è äàâëåíèÿ, ïîðîæäà-

åìîå ñïîíòàííûìè ôëóêòóàöèÿìè òåíçîðà íàòÿæåíèÿ Sαβ  (ñïîíòàííûì ãèä-
ðîäèíàìè÷åñêèì øóìîì). Øóì áóäåì ñ÷èòàòü ãàóññîâûì ñ íóëåâûì ïåðâûì
ìîìåíòîì, à êâàäðàòè÷íûå ôëóêòóàöèè òåíçîðà íàòÿæåíèÿ òðàäèöèîííî [6]
îïðåäåëèì äåëüòà êîððåëèðîâàííûìè âûðàæåíèÿìè
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( ) ( )
( )2

3

, ,

2 ( ) ( )B

S r t S r t

k T r r t t

αβ α β

αα ββ αβ α β αβ α βη δ δ δ δ δ δ δ δ

′ ′

′ ′ ′ ′ ′ ′

′ =

′ ′= + − − −

r r

r r
.

(12)

Ïóñòü ñêîðîñòü ( )rωυr r
 è äàâëåíèå ( )p rω r

 � Ôóðüå-êîìïîíåíòû ïîëÿ

ãèäðîäèíàìè÷åñêîãî øóìà, ñîçäàâàåìîãî ñëó÷àéíûìè íàòÿæåíèÿìè Sω
αβ  â

îòñóòñòâèå ïðèìåñíîé ÷àñòèöû, à ïðè íàëè÷èè äâèæóùåéñÿ ÷àñòèöû ñî ñêî-

ðîñòüþ 
n

x
r
&  ýòè ïîëÿ îáîçíà÷èì ( )V rω

r r
 è ( )P rω r

. Âûáåðåì íà÷àëî ñôåðè÷åñ-

êîé ñèñòåìû êîîðäèíàò ñîâïàäàþùèì ñ öåíòðîì ìàññ ÷àñòèöû. Êðàåâàÿ çà-
äà÷à äëÿ îïðåäåëåíèÿ Ôóðüå-êîìïîíåíò ïîëÿ ñêîðîñòè è äàâëåíèÿ íåñæèìà-
åìîé æèäêîñòè çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì

,i V P V F F Sω ω ω ω ω ω
α β αβωρ η− = −∇ + ∆ + = ∇

r r r
, 0,div V ω =

r
(13)

( ) , (| | ); ( ) ( ), ( )n n
V r x r x b V r r r bω ω ω ωυ= − = → >>
r r rr r r r r r

& . (14)

Ðåøåíèå ïîäîáíîé çàäà÷è ïðèâåäåíî â ðàáîòàõ Ìàçóðà è Áåäî [7,8], â
êîòîðûõ ðåçóëüòàòû èñïîëüçîâàíû äëÿ îïðåäåëåíèÿ êîìïîíåíò òåíçîðà íà-
òÿæåíèé è ñèëû ãèäðîäèíàìè÷åñêîãî íàïîðà, äåéñòâóþùåãî íà ÷àñòèöó.
Ýòèìè ñâåäåíèÿìè ìû âîñïîëüçóåìñÿ è ïðåäñòàâèì ïîëó÷åííûé ðåçóëüòàò
âîçäåéñòâèÿ ãèäðîäèíàìè÷åñêèõ ñèë íà ýëåìåíòû ïîëèìåðíîé öåïè â âèäå
äâóõ âêëàäîâ, ïåðâûé èç êîòîðûõ ïî ôîðìå ñîâïàäàåò ñ íåñòàöèîíàðíûì
âûðàæåíèåì (1)

, ( )tr

n n nf x xω ω ω ωξ υ = − − 
r r r r

& , (15)

à âòîðîé â âèäå ñëó÷àéíîé ñèëû, ñâîéñòâà êîòîðîé îïðåäåëÿþòñÿ êîððåëÿ-
òîðàìè (12)

2 21

3
(1 ) ( ) ( )S V

n n nf b x b xω ω ωξ χ υ χ υ = + + 
r r r r r

. (16)

Çäåñü ââåäåíû îáîçíà÷åíèÿ äëÿ èíòåãðàëîâ ïî ïîâåðõíîñòè è ïî îáúåìó

÷àñòèöû, öåíòð ìàññ êîòîðîé ðàñïîëîæåí â òî÷êå ñ êîîðäèíàòàìè nx
r

1 1

0( ) ( ) , ( ) ( )S V

n n n nx S x bn dS x V x r dVω ω ω ωυ υ υ υ− −= + = +∫ ∫
r r r r r r r r r r

. (17)

Îòìåòèì, ÷òî ïðè èíòåãðèðîâàíèè ïðè 0nx =
r

  äëÿ áèëèíåéíûõ ñðåäíèõ
ñëó÷àéíîé ñèëû (16) ñ èñïîëüçîâàíèåì (12) ðåçóëüòàò [8] â òî÷íîñòè ñîâïàäà-
åò ñ òðàäèöèîííûì, îñíîâàííîì íà èñïîëüçîâàíèè ÔÄÒ [6], ò.å.

2 Re ( )f f k T
B

ω ω ωζ δ δ ω ωα β αβ
′ ′= + . (18)
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Âîñïîëüçóåìñÿ ðåçóëüòàòàìè (15)-(17) äëÿ ïîñòðîåíèÿ áèëèíåéíûõ ñïåê-
òðîâ âíóòðåííèõ àìïëèòóä ïîëèìåðíîé öåïè

2 2

p q

p q

p p q q

f f
y y

i M K i M K

ω ω
α βω ω

α β ω ωω ω ω ω

′
′

′
=

′ ′   − Ξ − + − Ξ − +   
, (19)

ñâÿçàííûõ ñî ñïåêòðàëüíûìè ïëîòíîñòÿìè øóìà èíòåãðàëüíûì ïðåîáðàçî-
âàíèåì

2

0 0

1
cos cos

N N

p q n m

pn qm
f f dn dm f f

N NN

ω ω ω ω
α β α β

π π′ ′= ∫ ∫ (20)

Êâàäðàòè÷íûå ôëóêòóàöèè (12) òåíçîðà íàòÿæåíèé äåëüòà êîððåëèðîâàí-
íû, òàê ÷òî ìîæíî ñðàçó íàïèñàòü

� �( ) ( ) ( )n m n mf f A A x r x rω ω ω ω
α β α βδ ω ω υ υ′ ′′ ′ ′= + + +

r r r r
,

� ( )n n
f A x rω ωυ= +
r r r r

, (21)

ãäå ââåäåí îïåðàòîð A
)

, äåéñòâóþùèé ïî ïðàâèëó (16). Ñïåêòðàëüíàÿ ïëîò-
íîñòü ôëóêòóàöèé ïîëÿ ñêîðîñòè ïîä âîçäåéñòâèåì øóìà õîðîøî èçâåñò-
íà [9], è îïðåäåëÿåòñÿ èíòåãðèðîâàíèåì ãèäðîäèíàìè÷åñêîé âîñïðèèì-
÷èâîñòè

2

3 2 2 4

exp( ( ))
( ) ( )

12

Bk T k ik R R
R R dk

k

ω ω
α β αβ

ν
υ υ δ

π ρ ω ν
∗ ′−′ =

+∫
r r r

rr r

. (22)

Ïðåæäå, ÷åì ïðîâåñòè äâîéíîå èíòåãðèðîâàíèå â (20) ïî äèñêðåòíûì ïå-
ðåìåííûì (êîíòèíóàëüíîå ïðèáëèæåíèå), óñðåäíèì ýêñïîíåíòó èç (22) ïî

ðàâíîâåñíîé ôóíêöèè ðàñïðåäåëåíèÿ ( )nm
P r  (4) ýëåìåíòîâ ïîëèìåðíîé öåïè

(êàê è òåíçîðà Îçååíà). Â ðåçóëüòàòå èìååì

2 2

0
exp( ( )) exp( ) ( ) exp

6
n m nm nm nm

k a
ik x x ikr P r dr n m

 
− = = − − 

 
∫

r rr r r r

. (23)

Îòñþäà ïîñëå èíòåãðàëüíîãî ïðåîáðàçîâàíèÿ â òàêîì æå ïðèáëèæåíèè,

êàê è äëÿ pqh , íàõîäèì

2

2 4 2 20

24
exp( ( ))

(6 / )
n m pq

pq

k
ik x x

pNa k p Na
δ

π
 − ≈  +

r r r

. (24)

Òåïåðü ñïåêòðàëüíóþ ïëîòíîñòü àìïëèòóä (20) ìîæíî çàïèñàòü â âèäå
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3 2

4

4 2 4 2 2

2
( )

exp( ( ))

( / ) (6 / )

B
p q pq

k T
f f

pNa

AA ik r r k
dk

k k p Na

ω ω
α β αβδ ω ω δ δ

π η

ω ν π

′

∗

′≈ + ×

′ ′−
×

+ +∫
r) ) r r

r . (25)

Ðåçóëüòàò ïðèìåíåíèÿ îïåðàòîðîâ �A  è �A′  ê ýêñïîíåíòå ïðèâîäèò ê âû-
ðàæåíèþ

2 2sin sin� exp( ) (1 ) ( ) cos ( )
bk bk

A ikr b b bk bk
bk bk

ζ χ χ −  = + + −    

rr

. (26)

Òåïåðü ñïåêòðàëüíóþ ïëîòíîñòü àìïëèòóä ðàçëîæåíèÿ ñìåùåíèé ýëåìåí-
òîâ ïîëèìåðíîé öåïè ìîæíî çàïèñàòü ïðè ð=1, 2,� â âèäå

6
2

2 2 4 2 2 4 2 2 2

0

22

2

3 2 2

24 1

( / ) (6 / )

sin sin cos
(1 ) ( )

B
p

p p

k T b k
y dk

pNa k b k p b Na

k k k
b b

k k k i M K

ω

ω

π η ω ν π

ξ
χ χ

ω ω

∞

= ×
+ +

 × + + −  − Ξ − + 

∫

(27)

Èíòåãðèðîâàíèå ïî áåçðàçìåðíîé ïåðåìåííîé ñ ó÷åòîì ðàçëîæåíèÿ ïî-
äèíòåãðàëüíîé ôóíêöèè íà áîëåå ïðîñòûå äðîáè ìîæíî ïðîâåñòè äî êîíöà è
âûðàçèòü îòâåò â ýëåìåíòàðíûõ ôóíêöèÿõ è ñ ïîìîùüþ èíòåãðàëà âåðîÿòíî-
ñòè [10]. Èç-çà ãðîìîçäêîñòè ðåçóëüòàò âûïèñûâàòü íå áóäåì. Ðàññìîòðèì
ëèøü ÷àñòü áîëåå ïðîñòûõ ñëåäñòâèé.

Äëÿ èññëåäîâàíèÿ äèôôóçèîííîãî äâèæåíèÿ ïîëèìåðíîãî êëóáêà êàê
öåëîãî ñëåäóåò ïðîâåñòè àíàëèç äèíàìè÷åñêèõ ñâîéñòâ ðàäèóñà � âåêòîðà
öåíòðà ìàññ

1
0

0
( )

N

N
y dn x nω ω= ∫
r r

.

Íàéäåì êîýôôèöèåíò äèôôóçèè âñåãî êëóáêà, èñïîëüçóÿ ñîîòíîøåíèå
Êóáî

2
1

0 03CD yω
ω ==

r
& . (28)

Ñ ó÷åòîì ÿâíîãî âèäà ïîäâèæíîñòè (9), (10) è (16) èìååì

2 2
2

2 20 0 0

4 sin
exp( )

6

N N
B

C

k T k a
D dn dm dk k n m

kbN b

π
η

∞  = − − 
 ∫ ∫ ∫ . (29)
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Ââåäåì áåçðàçìåðíûé ïàðàìåòð /( / 6)b a Nσ = , è ïîñëå èíòåãðèðîâà-

íèÿ ïî n è m êîýôôèöèåíò äèôôóçèè ïðèíèìàåò âèä

3 2

4
( )

3 6

B
C

k T
D

a N
ψ σ

η π
= . (30)

Çäåñü

2

2

2

40

3 sin
( ) ( 1 )

2

kdk k
k e

kk

σ
ψ σ

σπ

∞ − = − + 
 ∫  � (31)

èíòåãðàë ñ ïðåäåëüíûì çíà÷åíèåì (0) 1ψ = . Èíòåãðèðîâàíèåì ïî ÷àñòÿì

ìîæíî âûðàçèòü ( )ψ σ  ÷åðåç ýëåìåíòàðíûå ôóíêöèè è èíòåãðàë îøèáîê

( )erf σ . Ðåçóëüòàò (30) ïðè σ=0 òî÷íî ñîâïàäàåò ñ ðåçóëüòàòîì äëÿ êîýôôè-
öèåíòà äèôôóçèè êëóáêà â ìîäåëè Çèììà [1-3]. Ýôôåêòèâíûé ãèäðîäèíàìè-

÷åñêèé ðàçìåð êëóáêà / ( )C
R a N ψ σ÷  ñ ó÷åòîì ôëóêòóàöèé òåíçîðà íàòÿ-

æåíèé ðàñòâîðèòåëÿ ñîäåðæèò åùå ñëàáóþ çàâèñèìîñòü îò îòíîøåíèÿ ðàç-

ìåðà áóñèíêè b ê ðàçìåðó êëóáêà a N .

Îñòàíîâèìñÿ åùå íà àñèìïòîòè÷åñêîì ïîâåäåíèè ïðè áîëüøèõ çíà÷åíè-
ÿõ âðåìåíè êîððåëÿöèîííîé ôóíêöèè ñêîðîñòè öåíòðà ìàññ êëóáêà

2

0 0 0 0( ) ( ) (0) cost y t y d t y
ωω ωΦ = 〈 〉 = 〈 〉∫

r r r& & & . (32)

Ïðè áîëüøèõ çíà÷åíèÿõ t â âûðàæåíèè äëÿ ñïåêòðàëüíîé ïëîòíîñòè, âõî-
äÿùåé ïîä çíàê èíòåãðàëà (32), äîñòàòî÷íî îãðàíè÷èòüñÿ îáëàñòüþ ìàëûõ
çíà÷åíèé ω, òàê ÷òî ãëàâíûé âêëàä äàñò ñïåêòð ñêîðîñòè èç (21). Ñ ó÷åòîì
(26) ìîæíî çàïèñàòü

2

0 2

22
2 2

2 2 20 0

sin
exp( / 6)

( )

B

N N

k T
y

N

k kb
dn dm dk k a n m

kbk

ω

ν
ω ν

〈 〉 ∝ ×

 × − − +  ∫ ∫ ∫

r&

r

.
(33)

Îòñþäà

0 2 2

6
( )

/ 6

B
k T b b

t
Na b t t a N

ϕ ϕ
ρπ ν ν

   
Φ ≈ −       +   

, (34)

ãäå ââåäåíî îáîçíà÷åíèå

2
1

( ) ( ) (1 ) ( )
xx erf x e xϕ π− −= − − . (35)
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Ãëàâíûé ÷ëåí àèìïòîòèêè ïðè 2
/t Na ν>>  èìååò òàêîå æå çíà÷åíèå, êàê

è äëÿ óåäèíåííîé áðîóíîâñêîé ÷àñòèöû (èëè ãëîáóëû êàê öåëîãî) , íî ñ ó÷å-
òîì ýôôåêòîâ âÿçêîãî ïîñëåäåéñòâèÿ [5], è íå ñîäåðæèò ïàðàìåòðîâ ïîëè-
ìåðíîé öåïè

3 / 2

0

2
( ) (4 )Bk T
t tπν

ρ
−Φ ≈ . (36)

Îòìåòèì òàêæå, ÷òî âûðàæåíèå (34) äîïóñêàåò èíòåðïîëÿöèþ âðåìåííîé
çàâèñèìîñòè â îáëàñòü ìàëûõ çíà÷åíèé âðåìåíè, à ñðåäíåêâàäðàòè÷íîå çíà-
÷åíèå ñêîðîñòè öåíòðà ìàññ êëóáêà îïðåäåëÿåòñÿ åå ýôôåêòèâíîé ìàññîé

2

0

3
( ) , ( ) / 1 ( )

/ 6

effB

Ceff

C

k T b
t M Na b

M a N
ρ ϕ

 
Φ ≈ ∝ − 

 
. (37)
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Î. Â. Çàòîâñüêèé, Á. Áðóòîâñüêèé, Â. Ë³ñû, É. Òîòîâà

Ïðî äèíàì³êó ïîë³ìåðíèõ ðîç÷èí³â

ç âðàõóâàííÿì ã³äðîäèíàì³÷íîãî øóìó

ÀÍÎÒÀÖ²ß

Ïðîâåäåíî óçàãàëüíåííÿ äèíàì³÷íîãî ð³âíÿííÿ Ðàóçà-Ç³ìà äëÿ âåêòîðà
ïîëîæåííÿ ëàíêè ïîë³ìåðà ç âðàõóâàííÿì åôåêò³â â�ÿçêî¿ ï³ñëÿä³¿ òà ã³äðî-
äèíàì³÷íîãî øóìó. Â ÿêîñò³ âèïàäêîâèõ ñèë, â³äïîâ³äíèõ çà øóì, âçÿò³ âèïà-
äêîâ³ ôëóêòóàö³¿ òåíçîðà íàòÿãó â ð³âíÿííÿõ ã³äðîäèíàì³êè. Â ðåçóëüòàò³ íà
ëàíêó ä³þòü âèïàäêîâ³ ñèëè, ñïåêòðàëüí³ âëàñòèâîñòò³ ÿêèõ íå äåëüòà êîðå-
ëüîâàí³, à âèçíà÷àþòüñÿ ã³äðîäèíàì³÷íîþ ñïðèéíÿòëèâ³ñòþ ðç÷èííèêà. Îïå-
ðàö³ÿ ïîïåðåäíüîãî óñåðåäíåííÿ òåíçîðà Îçååíà íåñòàö³îíàðíîãî ð³âíÿííÿ
Íàâ�º-Ñòîêñà äîçâîëèëà çíàéòè ÷àñîâ³ êîðåëÿö³éí³ ôóíêö³¿ êîìïîíåíò ðàçê-
ëàäó Ôóð�º ïîëîæåííÿ ëàíêè ïîë³ìåðà ó âèãëÿä³ ÷àñîâî¿ çãîðòêè ðàí³øå çíàé-
äåíèõ íàìè ðåçóëüòàò³â ç êîðåëÿö³éíèìè ôóíêö³ÿìè ã³äðîäèíàì³÷íîãî ïîëÿ,
ÿêå ïîðîäæóºòüñÿ øóìîì. Ãîëîâíèé ÷ëåí äàëåêî÷àñîâî¿ çàëåæíîñò³ ÊÔ øâèä-
êîñò³ öåíòðà ìàñ ãëîáóëè ìàº àëãåáðà¿÷íó çàëåæí³ñòü, ³ íå çàëåæèòü â³ä ¿¿
ïàðàìåòð³â. ×àñ âíóòð³øíüî¿ ðåëàêñàö³¿ ³ êîåô³ö³ºíò äèôóç³¿ ìàêðîìîëåêóëè
ÿê ö³ëîãî òàê³ æ, ÿê ³ â ìîäåë³ Ðàóçà-Ç³ìà.

Zatovsky A.V., Brutovsky B., Lisy V., Tothova J.

About of dynamycs dilute polymers with the hydrodynamic noise

SUMMARY

The generalization of Rouse-Zimm equation for a polymer link position vector is

conducted of taking into account the viscous aftereffect and hydrodynamic noise. Ozeen

tensor is constructed on the basis of non stationary Navier-Stockes equation. Non-

markov equation for the time correlation function of the furrier components of the

polymer link position is obtained. The viscous aftereffect essentially tells upon the

long-time asymptotic � it becomes the fractional-power function. Molecular relaxa-

tion time and diffusion coefficient rest as such as at Rouse-Zimm model.


