
ÂÅÑÒÍÈÊ ÓÄÌÓ�ÒÑÊÎ�Î ÓÍÈÂÅ�ÑÈÒÅÒÀ. ÌÀÒÅÌÀÒÈÊÀ. ÌÅÕÀÍÈÊÀ. ÊÎÌÏÜÞÒÅ�ÍÛÅ ÍÀÓÊÈ

ÌÅÕÀÍÈÊÀ 2017. Ò. 27. Âûï. 2

ÓÄÊ 532.582.92, 532.5.013.12, 551.57


© Ë.Õ. Èíãåëü

ÂÇÀÈÌÎÄÅÉÑÒÂÈÅ ÄÂÓÕ ÑÎÑÒÀÂËßÞÙÈÕ ÄÂÈÆÅÍÈß

Ï�È ÎÑÅÄÀÍÈÈ ÒßÆÅËÎÉ ×ÀÑÒÈÖÛ Â ÂßÇÊÎÉ Ñ�ÅÄÅ

Ïðè äâèæåíèè òÿæåëîé ÷àñòèöû â âÿçêîé ñðåäå ñèëà ñîïðîòèâëåíèÿ, âîîáùå ãîâîðÿ, çàâèñèò îò ÷èñëà

�åéíîëüäñà, ñëåäîâàòåëüíî, îò ìîäóëÿ âåêòîðà ñêîðîñòè ÷àñòèöû îòíîñèòåëüíî ñðåäû. Ýòî ïðèâîäèò

ê íåëèíåéíîìó âçàèìîäåéñòâèþ ðàçíûõ ñîñòàâëÿþùèõ äâèæåíèÿ. Åñëè îñåäàþùàÿ â ïîëå ñèëû òÿæåñòè

÷àñòèöà èìååò è ãîðèçîíòàëüíóþ ñîñòàâëÿþùóþ ñêîðîñòè, òî ýòè äâå êîìïîíåíòû äâèæåíèÿ, âëèÿÿ

íà ÷èñëî �åéíîëüäñà, âíîñÿò âêëàä â êîý��èöèåíò ãèäðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ è òåì ñàìûì

âîçäåéñòâóþò äðóã íà äðóãà. Ýòî ìîæåò èìåòü çíà÷åíèå, íàïðèìåð, â ïðèâîäíîì ñëîå àòìîñ�åðû ïðè

ñèëüíûõ âåòðàõ, êîãäà, âñëåäñòâèå óïîìÿíóòîãî âçàèìîäåéñòâèÿ, âðåìÿ ïðåáûâàíèÿ áðûçã â âîçäóõå

çàâèñèò, âîîáùå ãîâîðÿ, è îò èõ ãîðèçîíòàëüíîãî äâèæåíèÿ. Äëÿ êîíêðåòíîãî çàêîíà ñîïðîòèâëåíèÿ

èññëåäîâàíà íåëèíåéíàÿ ìîäåëü âçàèìîäåéñòâèÿ äâóõ ñîñòàâëÿþùèõ äâèæåíèÿ. �àñ÷åòû ïîêàçûâàþò,

÷òî, õîòÿ ïîðÿäîê âåëè÷èíû ñêîðîñòè îñåäàíèÿ ÷àñòèöû ïðè ó÷åòå ýòîãî âçàèìîäåéñòâèÿ íå ìåíÿåòñÿ,

ïîïðàâêè ê ñêîðîñòè ìîãóò áûòü çàìåòíûìè.

Êëþ÷åâûå ñëîâà: îñåäàíèå òÿæåëîé ÷àñòèöû, âÿçêàÿ ñðåäà, ñîïðîòèâëåíèå, âçàèìîäåéñòâèå ñ ãîðèçîí-

òàëüíûì äâèæåíèåì, íåëèíåéíàÿ àíàëèòè÷åñêàÿ ìîäåëü.

DOI: 10.20537/vm170212

Õîðîøî èçâåñòíà çàäà÷à îá îñåäàíèè òÿæåëîé ÷àñòèöû â âÿçêîé ñðåäå (ñì., íàïðèìåð, [1,2℄).

Ýòî äâèæåíèå â ïîëå ñèëû òÿæåñòè îïèñûâàåòñÿ óðàâíåíèåì

dw

dt
= −g − cw.

Çäåñü t � âðåìÿ, w � âåðòèêàëüíàÿ ñêîðîñòü (âåðòèêàëüíàÿ îñü z íàïðàâëåíà ââåðõ), g �

óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ, c � êîý��èöèåíò ñîïðîòèâëåíèÿ. Ïîñëåäíèé, âîîáùå ãîâîðÿ,

ìîæåò ñóùåñòâåííî çàâèñåòü îò ÷èñëà �åéíîëüäñà. Íàïðèìåð, �îðìóëà Êëÿ÷êî�Ìàçèíà

c = cS

(

1 +
1

6
Re2/3

)

(1)

â èíòåðâàëå 3 < Re < 400 ïðèâîäèò ê ñèëå ñîïðîòèâëåíèÿ, îòëè÷àþùåéñÿ îò ýêñïåðèìåí-

òàëüíûõ äàííûõ íå áîëåå, ÷åì íà 2% [1, 2℄. Äëÿ èíòåðâàëà 103 < Re < 3 · 105 ðåêîìåíäóåòñÿ

�îðìóëà [1℄

c =
1

60
Re ·cS =

3

20

ρ

ρp

|v|
R

=
|v|
l
. (2)

Çäåñü

Re =
2Rρ|v|

η
=

2R|v|
ν

, ν =
η

ρ
.

Çäåñü ρ � ïëîòíîñòü ñðåäû, η, ν � êîý��èöèåíòû åå äèíàìè÷åñêîé è êèíåìàòè÷åñêîé âÿçêîñòè,

v � âåêòîð ñêîðîñòè ÷àñòèöû îòíîñèòåëüíî ñðåäû, R � ðàäèóñ ÷àñòèöû (ðàññìàòðèâàþòñÿ

÷àñòèöû ñ�åðè÷åñêîé �îðìû)

1

, ρp � åå ïëîòíîñòü; èíäåêñ S îòíîñèòñÿ ê ¾ñòîêñîâûì¿ ÷àñòèöàì

1

Âìåñòî äèàìåòðà ÷àñòèöû 2R â âûðàæåíèè äëÿ ÷èñëà �åéíîëüäñà ìîæíî, ðàçóìååòñÿ, èñïîëüçîâàòü ðàäèóñ.

Ïîýòîìó, íàïðèìåð, â [1, 2℄ çíà÷åíèÿ ÷èñåë �åéíîëüäñà ïðè ïðî÷èõ ðàâíûõ óñëîâèÿõ ðàçëè÷àþòñÿ â äâà ðàçà.

http://dx.doi.org/10.20537/vm170212
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(÷àñòèöàì ìàëîé ìàññû, äëÿ êîòîðûõ çíà÷åíèÿ ÷èñëà �åéíîëüäñà ìàëû è ñïðàâåäëèâ ëèíåéíûé

çàêîí ñîïðîòèâëåíèÿ cS = 9η/2R2ρp; ìàñøòàá äëèíû �

l =
20

3

ρp
ρ
R.

Íàïðèìåð, â âîçäóõå äëÿ êàïåëü âîäû ðàäèóñîì 0,5 ìì l ≈ 3 ì.

Çàâèñèìîñòü êîý��èöèåíòà ñîïðîòèâëåíèÿ îò ñêîðîñòè ÷àñòèöû äåëàåò çàäà÷ó íåëèíåéíîé,

íî îäíîìåðíàÿ çàäà÷à õîðîøî èññëåäîâàíà. Ïîòðåáíîñòè â íåòðèâèàëüíûõ îáîáùåíèÿõ âîçíè-

êàþò â ñëó÷àÿõ, êîãäà ñêîðîñòü ÷àñòèöû èìååò è ãîðèçîíòàëüíóþ ñîñòàâëÿþùóþ, íàïðèìåð ïðè

îñåäàíèè ÷àñòèöû â ñäâèãîâîì ïîòîêå [3, 4℄. Åùå ñëîæíåå ñèòóàöèÿ, êîãäà ÷àñòèöà äâèæåòñÿ â

èíòåíñèâíîì âèõðå, òàê ÷òî íåîáõîäèì ó÷åò öåíòðîáåæíûõ ñèë [5℄.

Ïðè íàëè÷èè ãîðèçîíòàëüíîé ñîñòàâëÿþùåé äâèæåíèÿ ÷àñòèöû íà �îíå ïîêîÿùåéñÿ ñðåäû

ñèñòåìà óðàâíåíèé èìååò âèä

dw

dt
= −g − c(|v|)w, (3)

du

dt
= −c(|v|)u, |v| =

(

u2 + w2
)1/2

, (4)

ãäå u � ãîðèçîíòàëüíàÿ ñîñòàâëÿþùàÿ ñêîðîñòè ÷àñòèöû. Âñëåäñòâèå çàâèñèìîñòè êîý��èöè-

åíòà ñîïðîòèâëåíèÿ îò ìîäóëÿ ñêîðîñòè (òî åñòü îò îáåèõ ñîñòàâëÿþùèõ ñêîðîñòè) ýòè ñîñòàâ-

ëÿþùèå îêàçûâàþòñÿ ñâÿçàííûìè ìåæäó ñîáîé. Íàïðèìåð, ñ óâåëè÷åíèåì ñêîðîñòè äâèæåíèÿ

÷àñòèöû ïî ãîðèçîíòàëè óâåëè÷èâàåòñÿ çíà÷åíèå êîý��èöèåíòà ñîïðîòèâëåíèÿ è, ñëåäîâàòåëü-

íî, óìåíüøàåòñÿ ñêîðîñòü îñåäàíèÿ. Ýòî ìîæåò èìåòü çíà÷åíèå â íåêîòîðûõ ãåî�èçè÷åñêèõ

ïðèëîæåíèÿõ. Íàïðèìåð, â ïðèâîäíîì ñëîå âîçäóõà íàä ìîðåì ïðè óðàãàííûõ âåòðàõ ãîðè-

çîíòàëüíàÿ ñêîðîñòü ñðåäû è åå ñäâèãè ó ïîâåðõíîñòè âîäû âåëèêè. Â òàêèõ ñèòóàöèÿõ ãåíå-

ðèðóåòñÿ ìíîãî áðûçã, êîòîðûå âíîñÿò âàæíûé âêëàä â îáìåí òåïëîì, âëàãîé è êîëè÷åñòâîì

äâèæåíèÿ ó ïîâåðõíîñòè. Ïðè ýòîì âàæíà ïðîäîëæèòåëüíîñòü ïðåáûâàíèÿ áðûçã â âîçäóõå, òî

åñòü ñóùåñòâåííà ñêîðîñòü èõ îñåäàíèÿ, à îíà, êàê âèäíî èç ñèñòåìû (3), (4), çàâèñèò è îò èõ

ãîðèçîíòàëüíîãî äâèæåíèÿ îòíîñèòåëüíî ñðåäû.

Íèæå äëÿ îïðåäåëåííîñòè îãðàíè÷èâàåìñÿ íà÷àëüíûìè óñëîâèÿìè u
0
> 0, w

0
6 0. Íàèáîëåå

ïðîñò äëÿ àíàëèçà ïðåäåëüíûé ñëó÷àé u
0
≪ |w

0
|. Ñ òå÷åíèåì âðåìåíè íåðàâåíñòâî u ≪ |w|

ëèøü óñèëèâàåòñÿ, ïîñêîëüêó îñåäàíèå ìîæåò ëèøü óñêîðÿòüñÿ, à ãîðèçîíòàëüíîå äâèæåíèå �

çàìåäëÿòüñÿ. Ïîýòîìó |v| ≈ |w|, è óðàâíåíèå (3) ìîæíî èññëåäîâàòü íåçàâèñèìî îò (4). Ëåãêî

íàõîäèòñÿ ðåøåíèå â êâàäðàòóðàõ:

t = −
∫ w

w
0

dw′

g + c(|w′|)w′
, u = u0 exp

[

−
∫ t

0

c(|w(t′)|dt′)
]

. (5)

Â ñëó÷àå êîíêðåòíîãî çàêîíà ñîïðîòèâëåíèÿ (2) ñèñòåìó (3), (4) óäîáíî ðàññìàòðèâàòü â áåç-

ðàçìåðíîì âèäå, ââîäÿ ìàñøòàáû ñêîðîñòè è âðåìåíè V
∗
= (gl)1/2, t

∗
= (l/g)1/2:

u = UV
∗
, w = WV

∗
, t = τt

∗
;

dW

dτ
= −1−W

√

U2 +W 2,

dU

dτ
= −U

√

U2 +W 2.

Íåòðóäíî âèäåòü, ÷òî ïðè ëþáûõ íà÷àëüíûõ óñëîâèÿõ U = U
0
, W = W

0
ðåøåíèÿ ñòðåìÿòñÿ

ê åäèíñòâåííîìó ñòàöèîíàðíîìó ðåøåíèþ U = 0, W = −1, êîòîðîìó îòâå÷àåò îñåäàíèå ÷àñòè-

öû ñî ñêîðîñòüþ w = −V
∗
. Íî ïðåäñòàâëÿåò îïðåäåëåííûé èíòåðåñ �àêòîð âðåìåíè � ïðîöåññ

âûõîäà íà ñòàöèîíàðíûé ðåæèì, çàâèñÿùèé îò íåëèíåéíîãî âçàèìîäåéñòâèÿ äâóõ ñîñòàâëÿþ-

ùèõ äâèæåíèÿ ïîñðåäñòâîì èõ âëèÿíèÿ íà êîý��èöèåíò ñîïðîòèâëåíèÿ.
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Âåðíåìñÿ ê ïðåäåëüíîìó ñëó÷àþ u
0
≪ |w

0
|, U

0
≪ |W

0
| (ïðåäïîëàãàåòñÿW

0
6 0). �åøåíèå (5)

â ýòîì ñëó÷àå ìîæíî ïðåäñòàâèòü â ÿâíîì âèäå:

w ≈ −V
∗

1− a exp(−2τ)

1 + a exp(−2τ)
, u = u0(1 + a)

exp(−τ)

1 + a exp(−2τ)
,

c ≈ |w|
l

≈ t−1

∗

1− a exp(−2τ)

1 + a exp(−2τ)
, 0 6 a ≡ 1 +W

0

1−W
0

6 1.

Äëÿ ïðèëîæåíèé ïðåäñòàâëÿåò èíòåðåñ è ãîðèçîíòàëüíîå ïåðåìåùåíèå ÷àñòèöû. Â äàííîì ñëó-

÷àå îíî âûðàæàåòñÿ ñîîòíîøåíèåì

∆x =

∫ t

0

udt =
1 + a√

a
u0t∗ arctg

√
a(1− exp(−τ))

1 + a exp(−τ)
.

Âåðòèêàëüíàÿ ñêîðîñòü âûõîäèò íà ñòàöèîíàðíûé ðåæèì çà âðåìÿ ïîðÿäêà t
∗
; ïðèìåðíî çà

òàêîå æå âðåìÿ çàòóõàåò ãîðèçîíòàëüíîå äâèæåíèå; ÷àñòèöà óñïåâàåò ïåðåìåñòèòüñÿ ïî ãîðè-

çîíòàëè íà ðàññòîÿíèå ïîðÿäêà u
0
t
∗
≪ l.

Îñòàíîâèìñÿ òåïåðü íà ïðîòèâîïîëîæíîì ïðåäåëüíîì ñëó÷àå u
0
≫ |w

0
|. Òàêîå ñîîòíîøå-

íèå ìåæäó äâóìÿ ñîñòàâëÿþùèìè ñêîðîñòè áóäåò ñîõðàíÿòüñÿ â òå÷åíèå íåêîòîðîãî âðåìåíè,

ïîêà ãîðèçîíòàëüíîå äâèæåíèå íå çàòóõíåò äî òîé ñòåïåíè, ÷òî ñòàíåò ñðàâíèìûì ïî àìïëè-

òóäå ñ âåðòèêàëüíûì. Â ýòîì ñëó÷àå |v| ≈ u, è óðàâíåíèå (4) ïðàêòè÷åñêè íå çàâèñèò îò (3).

Ïðèáëèæåííîå ðåøåíèå ñèñòåìû (3), (4) èìååò âèä

t = −
∫ u

u
0

du′

c(|u′|)u′ ,

w = exp

[

−
∫ t

0

c(|u(t′)|dt′)
]

{

w0 − g

∫ t

0

exp

[

−
∫ t′

0

c(|w(t′′)|dt′′)
]

dt′

}

.

Äëÿ êîíêðåòíîãî çàêîíà ñîïðîòèâëåíèÿ (2)

u =
u
0

1 + (u
0
/l)t

, w =
w
0

1 + (u
0
/l)t

− gt
1 + (u

0
/2l)t

1 + (u
0
/l)t

.

�îðèçîíòàëüíîå ïåðåìåùåíèå ÷àñòèöû âûðàæàåòñÿ òàê:

∆x = l ln
(

1 +
u0
l
t
)

.

Èíòåðåñíî îòìåòèòü, ÷òî ýòî ïåðåìåùåíèå ñëàáî çàâèñèò îò íà÷àëüíîé ñêîðîñòè u
0
, ïîñêîëüêó

ñ ðîñòîì ñêîðîñòè óâåëè÷èâàåòñÿ è êîý��èöèåíò ñîïðîòèâëåíèÿ. Ýòî ïîçâîëÿåò ñäåëàòü äî-

âîëüíî îáùèé âûâîä: ãîðèçîíòàëüíîå ïåðåìåùåíèå ÷àñòèöû ïðàêòè÷åñêè ïðè ëþáûõ íà÷àëü-

íûõ ñêîðîñòÿõ íå ïðåâûøàåò ïî ïîðÿäêó âåëè÷èíû l.
Óñëîâèÿ ïðèìåíèìîñòè àñèìïòîòèêè u ≫ |w| çàâèñÿò îò ñîîòíîøåíèÿ u

0
è V

∗
≡ (gl)1/2.

Âèäíî, ÷òî äàæå ïðè u
0
≫ V

∗
íåó÷òåííûé â ýòîì ïðåäåëå âêëàä w â êîý��èöèåíò ñîïðîòèâëå-

íèÿ ñòàíîâèòñÿ ñóùåñòâåííûì óæå çà âðåìÿ ïîðÿäêà t
∗
= (l/g)1/2. Òàêèì îáðàçîì, ïðè çàêîíå

ñîïðîòèâëåíèÿ (2) ãîðèçîíòàëüíîå äâèæåíèå ÷àñòèöû âíîñèò ðåøàþùèé âêëàä â êîý��èöè-

åíò ñîïðîòèâëåíèÿ ëèøü â òå÷åíèå èíòåðâàëîâ âðåìåíè íå áîëåå t
∗
. Ýòî ñîâïàäàåò ïî ïîðÿäêó

âåëè÷èíû ñî âðåìåíåì âûõîäà âåðòèêàëüíîãî äâèæåíèÿ íà ñòàöèîíàðíûé ðåæèì w = −V
∗
.

Ñëåäîâàòåëüíî, íàëè÷èå ãîðèçîíòàëüíîé ñîñòàâëÿþùåé äâèæåíèÿ íå ìîæåò èçìåíèòü ïîðÿ-

äîê âåëè÷èíû âðåìåíè ¾ðàçãîíà¿ îñåäàíèÿ. Íî â ïðåäåëàõ âðåìåíè ïîðÿäêà t
∗
ãîðèçîíòàëüíîå

äâèæåíèå ìîæåò çàìåòíî âëèÿòü íà ñêîðîñòü îñåäàíèÿ. Ýòî âèäíî è èç ïðèìåðîâ ÷èñëåííî-

ãî ðåøåíèÿ, ïðèâåäåííûõ íà ðèñ. 1. Ïîëíîå ïðîñòðàíñòâåííîå ¾çàïàçäûâàíèå¿ âåðòèêàëüíîãî

äâèæåíèÿ ÷àñòèöû íå ìîæåò ïðåâûøàòü ïî ïîðÿäêó âåëè÷èíû V
∗
t
∗
= l.

Ïðè îñåäàíèè ÷àñòèöû â ïîòîêå ñ âåðòèêàëüíûì ñäâèãîì âûðàæåíèå äëÿ ìîäóëÿ ñêîðîñòè

÷àñòèöû îòíîñèòåëüíî ñðåäû óñëîæíÿåòñÿ:

|v| =
{

[u− u(z(t))]2 + w2
}1/2

.
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PSfrag repla
ements
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2

1 2 3 4

�èñ. 1. Çàâèñèìîñòü ñêîðîñòè îñåäàíèÿ ÷àñòèöû îò âðåìåíè ïðè w0 = 0, U0 = 0 (êðèâàÿ 1), U0 = 3 (êðèâàÿ 2)

Çäåñü u � ñêîðîñòü �îíîâîãî òå÷åíèÿ, z â äàííîì êîíòåêñòå � ýòî ëàãðàíæåâà âåðòèêàëü-

íàÿ êîîðäèíàòà ÷àñòèöû. Ïîñëåäíÿÿ ÿâëÿåòñÿ íåèçâåñòíîé �óíêöèåé âðåìåíè, òàê ÷òî çàäà÷à

ñóùåñòâåííî óñëîæíÿåòñÿ. Òåì íå ìåíåå ïðè ïîñòîÿííîì ñäâèãå ñêîðîñòè òå÷åíèÿ óäàåòñÿ íàé-

òè òî÷íîå ðåøåíèå äëÿ óñòàíîâèâøåãîñÿ îñåäàíèÿ ÷àñòèöû [4℄. Äëÿ çàêîíà ñîïðîòèâëåíèÿ (2)

êðèòåðèåì çíà÷èìîñòè íåëèíåéíîãî âçàèìîäåéñòâèÿ äâóõ ñîñòàâëÿþùèõ äâèæåíèÿ îêàçûâàþò-

ñÿ áîëüøèå (ïîðÿäêà åäèíèöû è áîëüøå) çíà÷åíèÿ áåçðàçìåðíîãî ïàðàìåòðà

20

3

R

g

ρp
ρ

(

du

dz

)2

.

Äëÿ çàêîíà ñîïðîòèâëåíèÿ (1) ñîîòâåòñòâóþùèé áåçðàçìåðíûé êðèòåðèé èìååò âèä

R4

g2ν

(

ρp
ρ

)3

(du/dz)5.

Ïðèâåäåííûé â [4℄ ÷èñëåííûé ïðèìåð ñâèäåòåëüñòâóåò î âîçìîæíîñòè çàìåäëåíèÿ ñêîðîñòè

îñåäàíèÿ íà 20�30%; ýòî áëèçêî ê ðåçóëüòàòàì, ïðåäñòàâëåííûì âûøå íà ðèñ. 1.

Â ëèòåðàòóðå ïî �èçèêå àòìîñ�åðû ðàñïðîñòðàíåíî ìíåíèå, ÷òî âî âñåõ ðåàëüíûõ ñèòóà-

öèÿõ ìîæíî íå ó÷èòûâàòü âëèÿíèå ãîðèçîíòàëüíûõ äâèæåíèé íà ñêîðîñòü îñåäàíèÿ òÿæåëîé

÷àñòèöû (ñì., íàïðèìåð, [3, ñ. 198℄). Ïðèâåäåííûå âûøå ðåçóëüòàòû ïîêàçûâàþò, ÷òî ïðè äîñòà-

òî÷íî áîëüøèõ ãîðèçîíòàëüíûõ ñêîðîñòÿõ äâèæåíèÿ ÷àñòèöû îòíîñèòåëüíî ñðåäû, âîçìîæíûõ,

íàïðèìåð, â ïðèïîâåðõíîñòíîì ñëîå àòìîñ�åðû, âîîáùå ãîâîðÿ, íå èñêëþ÷åíû çàìåòíûå îò-

êëîíåíèÿ îò óñòàíîâèâøåãîñÿ ðåæèìà îñåäàíèÿ â ïîêîÿùåéñÿ ñðåäå, õîòÿ ïîðÿäêè ñêîðîñòè

îñåäàíèÿ äåéñòâèòåëüíî íå ìåíÿþòñÿ.
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When a heavy parti
le moves in a vis
ous medium, the resistan
e for
e depends on the Reynolds number,

therefore, on the modulus of the parti
le velo
ity ve
tor in relation to medium. This leads to nonlinear

intera
tion of di�erent 
omponents of movement. If a parti
le settling in gravity �eld has also a horizontal

velo
ity 
omponent, these two 
omponents of the movement, a�e
ting the Reynolds number, 
ontribute

into the 
oe�
ient of hydrodynami
 resistan
e and, thereby, a�e
t ea
h other. This 
an be important, for

example, in the surfa
e layer of the atmosphere over water under strong winds, when, due to the mentioned

intera
tion, the stay time of spray in the air depends on a horizontal movement. For the spe
i�
 resistan
e

law, a nonlinear model of intera
tion between the two 
omponents of movement is studied. Cal
ulations

show that although the order of magnitude of the parti
le settling velo
ity a

ounting this intera
tion does

not 
hange, the velo
ity 
orre
tions 
an be noti
eable.
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