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

ÌÅÕÀÍÈÊÀ 2014. Âûï. 2

ÓÄÊ 532.5.032

© È.È. Ïîòàïîâ, Ê.Ñ. Ñíèãóð

ÈÑÑËÅÄÎÂÀÍÈÅ ÝÂÎËÞÖÈÈ ÏÎÏÅ�Å×ÍÎÉ �ÓÑËÎÂÎÉ Ï�Î�ÅÇÈ

ÏÎÄ ÄÅÉÑÒÂÈÅÌ Ò�ÀÍÇÈÒÍÎ�Î �ÈÄ�ÎÄÈÍÀÌÈ×ÅÑÊÎ�Î ÏÎÒÎÊÀ

1

Â ðàáîòå ïðåäëîæåíà îäíîìåðíàÿ ïî ïðîñòðàíñòâó ðóñëîâàÿ ìàòåìàòè÷åñêàÿ ìîäåëü. Â ìîäåëè èñïîëü-

çîâàíà îðèãèíàëüíàÿ ðàâíîâåñíàÿ �îðìóëà äâèæåíèÿ âëåêîìûõ íàíîñîâ, ó÷èòûâàþùàÿ âëèÿíèå ìîð-

�îëîãèè äíà, �èçèêî-ìåõàíè÷åñêèõ è ãðàíóëîìåòðè÷åñêèõ ïàðàìåòðîâ äîííîãî ìàòåðèàëà íà ïðîöåññ

òðàíñïîðòà âëåêîìûõ íàíîñîâ. Ôîðìóëà íå ñîäåðæèò â ñåáå íîâûõ �åíîìåíîëîãè÷åñêèõ ïàðàìåòðîâ.

�èäðîäèíàìè÷åñêèé ïîòîê îïèñûâàåòñÿ ñòàöèîíàðíûìè óðàâíåíèÿìè äâèæåíèÿ â ðàìêàõ òåîðèè ¾ìåë-

êîé âîäû¿. Ïðåäëîæåí ÷èñëåííûé àëãîðèòì ðåøåíèÿ óðàâíåíèé ìàòåìàòè÷åñêîé ïîñòàíîâêè ìåòîäîì

êîíòðîëüíûõ îáúåìîâ. Â êà÷åñòâå âåðè�èêàöèè ïðåäëîæåííîé ìîäåëè ðàññìîòðåíà çàäà÷à îá èçìåíå-

íèè ãåîìåòðèè ïîïåðå÷íîé ðóñëîâîé ïðîðåçè ïðè äâèæåíèè íàä íåé òðàíçèòíîãî ãèäðîäèíàìè÷åñêîãî

ïîòîêà. Âûïîëíåíî ñðàâíåíèå ïîëó÷åííûõ ðåøåíèé ñ ýêñïåðèìåíòàëüíûìè äàííûìè è ðàñ÷åòàìè äðó-

ãèõ àâòîðîâ. Ïðåäëàãàåìàÿ ìîäåëü õîðîøî âîññòàíàâëèâàåò �ðîíò äâèæåíèÿ ïîäâåòðåííîé è íàïîðíîé

÷àñòåé êàâåðíû è åå ãëóáèíó. Â ñðåäíåì ïî îáëàñòè ïîëó÷åíî âûñîêîå ñîãëàñîâàíèå ðåçóëüòàòîâ ÷èñ-

ëåííûõ ðàñ÷åòîâ ñ ýêñïåðèìåíòàëüíûìè äàííûìè, ñðåäíÿÿ îòíîñèòåëüíàÿ ïîãðåøíîñòü ïîëó÷åííûõ

äàííûõ îòíîñèòåëüíî ýêñïåðèìåíòàëüíûõ äàííûõ áëèçêà ê 5%. Ïî ðåçóëüòàòàì âåðè�èêàöèè ïðåäëî-

æåííîé ìîäåëè ñäåëàí âûâîä î òîì, ÷òî ìàòåìàòè÷åñêàÿ ìîäåëü êà÷åñòâåííî è êîëè÷åñòâåííî îïèñûâàåò

ïðîöåññ äå�îðìàöèè äîííîé ïîâåðõíîñòè ïîä äåéñòâèåì ãèäðîäèíàìè÷åñêîãî ïîòîêà.

Êëþ÷åâûå ñëîâà: ïîïåðå÷íàÿ ðóñëîâàÿ ïðîðåçü, òðàíñïîðò äîííûõ íàíîñîâ, ðóñëîâûå ïðîöåññû.

Ââåäåíèå

Â ðàáîòå ïðåäëîæåíà îäíîìåðíàÿ ðóñëîâàÿ ìàòåìàòè÷åñêàÿ ìîäåëü, ó÷èòûâàþùàÿ òðàíñ-

ïîðò äîííîãî ìàòåðèàëà âî âëåêîìîì è âçâåøåííîì ñîñòîÿíèè. Â îòëè÷èå îò àíàëîãè÷íûõ ìîäå-

ëåé äðóãèõ àâòîðîâ [1�4℄ ïðåäëîæåííàÿ ìîäåëü íå ñîäåðæèò â ñåáå íîâûõ �åíîìåíîëîãè÷åñêèõ

ïàðàìåòðîâ, ñâÿçàííûõ ñ ìîð�îëîãè÷åñêèì ïðîöåññîì. Â êà÷åñòâå òðàíñïîðòíîãî óðàâíåíèÿ

âëåêîìûõ íàíîñîâ èñïîëüçóåòñÿ �îðìóëà, ïðåäëîæåííàÿ â ðàáîòå [5℄ è õîðîøî çàðåêîìåíäîâàâ-

øàÿ ñåáÿ â ðàáîòàõ [6,7℄. Ôîðìóëà ó÷èòûâàåò âëèÿíèå ìîð�îëîãèè äíà, �èçèêî-ìåõàíè÷åñêèõ

è ãðàíóëîìåòðè÷åñêèõ ïàðàìåòðîâ äîííîãî ìàòåðèàëà íà ïðîöåññ òðàíñïîðòà âëåêîìûõ íàíî-

ñîâ. Â êà÷åñòâå âåðè�èêàöèè ìîäåëè ðàññìîòðåíà çàäà÷à îá èçìåíåíèè ãåîìåòðèè ïîïåðå÷íîé

ðóñëîâîé ïðîðåçè ïðè äâèæåíèè íàä íåé ãèäðîäèíàìè÷åñêîãî ïîòîêà. Âûïîëíåíî ñðàâíåíèå ðå-

çóëüòàòîâ ÷èñëåííîãî ýêñïåðèìåíòà ïî ïðåäëîæåííîé ìîäåëè ñ ýêñïåðèìåíòàëüíûìè äàííûìè

è ðàñ÷åòàìè äðóãèõ àâòîðîâ.

� 1. Ìàòåìàòè÷åñêàÿ ìîäåëü çàäà÷è

Ïðåäëîæåííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü ðóñëîâîãî ïîòîêà âêëþ÷àåò â ñåáÿ:

� óðàâíåíèå ìåëêîé âîäû [8℄

∂

∂x

(

U2

2 g
+ η

)

+
τ

gHρw
= 0, Q = UH; (1)

� óðàâíåíèå ïåðåíîñà âçâåøåííûõ íàíîñîâ [2, 9℄

∂S

∂t
+

∂SU

∂x
= α

W

H
(S∗ − S); (2)

1

�àáîòà âûïîëíåíà ïðè ïîääåðæêå �îíäà �ÔÔÈ (ãðàíò � 12�01�98518-ð âîñòîê (à)) è �îíäà ÄÂÎ �ÀÍ

(ãðàíò X9 12�Ø-À�03�034).
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� óðàâíåíèå Ýéñíåðà [5℄

(1− ε)ρs
∂ζ

∂t
+

∂G

∂x
= −α

W

H
(S∗ − S). (3)

Ìàòåìàòè÷åñêàÿ ïîñòàíîâêà (1)�(3) çàìûêàåòñÿ íà÷àëüíûìè óñëîâèÿìè

ζ(x, 0) = ζ0(x), S(x, 0) = S∗(x) (4)

è ãðàíè÷íûìè óñëîâèÿìè

ζ(L, t) =
∂ζ

∂x
= J, G(0, t) = G0, H(L, t) = H0. (5)

Çäåñü x, t � ïðîñòðàíñòâåííàÿ è âðåìåííàÿ êîîðäèíàòû ñîîòâåòñòâåííî, U � îñðåäíåííàÿ ïî

ãëóáèíå ñêîðîñòü ïîòîêà, H � ãëóáèíà ïîòîêà, Q = const � ðàñõîä ïîòîêà, η = H + ζ �

óðîâåíü ñâîáîäíîé ïîâåðõíîñòè, ζ � óðîâåíü äîííîé ïîâåðõíîñòè, τ � ïðèäîííûå êàñàòåëüíûå

íàïðÿæåíèÿ, ρw � ïëîòíîñòü âîäû, ρs � ïëîòíîñòü ïåñêà, g � óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ,

S � ñðåäíÿÿ ñóáñòàíöèàëüíàÿ ìóòíîñòü (íàõîäèìàÿ ïóòåì îñðåäíåíèÿ ìóòíîñòè ïî æèâîìó

ñå÷åíèþ ïîòîêà áåç ó÷åòà ñêîðîñòè òå÷åíèÿ), S∗ � òðàíñïîðòèðóþùàÿ ñïîñîáíîñòü ïîòîêà,

W � ãèäðàâëè÷åñêàÿ êðóïíîñòü, d � äèàìåòð ÷àñòèö, ε � ïîðèñòîñòü äîííîãî ìàòåðèàëà, G �

óäåëüíûé ìàññîâûé ðàñõîä âëåêîìûõ íàíîñîâ, J � îñíîâíîé óêëîí äîííîé ïîâåðõíîñòè, G0
�

óäåëüíûé ìàññîâûé ðàñõîä âëåêîìûõ íàíîñîâ íà âõîäå â ðàñ÷åòíóþ îáëàñòü, H0
� ãëóáèíà

ïîòîêà íà âûõîäå èç ðàñ÷åòíîé îáëàñòè.

Òðàíñïîðòèðóþùàÿ ñïîñîáíîñòü ïîòîêà S∗ çàâèñèò îò ñêîðîñòè òå÷åíèÿ âîäû U , ãëóáèíû

H è ãèäðàâëè÷åñêîé êðóïíîñòè W , à òàêæå îò óñëîâèÿ âçìó÷èâàíèÿ / îñàæäåíèÿ äîííûõ ÷à-

ñòèö [9℄

S∗ =







0.2
U3

WgH
, W < u∗,

0, W > u∗,

u∗ =

√

τ

ρw
. (6)

Äëÿ îïðåäåëåíèÿ íàïðÿæåíèé ãèäðàâëè÷åñêîãî ñîïðîòèâëåíèÿ ïîòîêó τ èñïîëüçóåòñÿ �îð-

ìóëà Øåçè [10℄

τ = ρwg
U2

C2
, C =

1

ns

H
1

6 , (7)

â êîòîðîé êîý��èöèåíò øåðîõîâàòîñòè ns âûðàæàåòñÿ êàê

ns =
(H0)

5

3

√

J

Q
.

Ïîòîê âëåêîìûõ íàíîñîâ G îïðåäåëÿåòñÿ ïî �îðìóëå Ïåòðîâà [5℄

G = G0 τ
3

2

[

(1− χ)−
1

tgϕ cos γ

(

1−
χ

2

) ∂ζ

∂x

]

, (8)

G0 =
4

3

ρs m

κ
√
ρw(ρs − ρw)g tgϕ cos γ

, m =

{

1, χ 6 1,
0, χ > 1,

χ =

√

τ∗

τ
, τ∗ =

3

8

κ2d(ρs − ρw)g tgϕ cos γ

cx
, (9)

ãäå τ∗ � êðèòè÷åñêîå ïðèäîííîå êàñàòåëüíîå íàïðÿæåíèå, ϕ � óãîë âíóòðåííåãî òðåíèÿ ÷àñòèö,

cx � ëîáîâîå ñîïðîòèâëåíèå ÷àñòèö, γ � îñòðûé óãîë ìåæäó íîðìàëüþ ê ïîâåðõíîñòè äíà

è âåðòèêàëüíîé ëèíèåé, κ = 0.4 � ïîñòîÿííàÿ Êàðìàíà.
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� 2. Àëãîðèòì ðåøåíèÿ çàäà÷è

Çàäà÷à (1)�(9) ðåøàåòñÿ ñ ïîìîùüþ ìåòîäà êîíå÷íûõ ðàçíîñòåé. Ïîñòðîèì ÿâíóþ äâóõ-

ñëîéíóþ ïî âðåìåíè è ñèììåòðè÷íóþ ïî ïðîñòðàíñòâó ðàçíîñòíóþ ñõåìó. Âîñïîëüçóåìñÿ ðàâ-

íîìåðíîé ñåòêîé ïî ïðîñòðàíñòâó ñ óçëàìè xi = i∆x, i = 0, . . . , N è øàãîì ∆x = L

N−1
, íà

êîòîðîé îïðåäåëåíû îñíîâíûå íåèçâåñòíûå âåëè÷èíû H, U , S, ζ. Èñïîëüçóåòñÿ òàêæå âñïî-

ìîãàòåëüíàÿ ñåòêà ïî ïðîñòðàíñòâó ñ óçëàìè x
i+

1

2

= (i + 0.5)∆x, 0 6 i 6 N − 1, íà êîòîðîé

îïðåäåëåíû âñïîìîãàòåëüíûå íåèçâåñòíûå âåëè÷èíû τ , χ, G0, G. Ñåòêà ïî âðåìåíè ñîñòîèò èç

ñëîåâ tn = n∆t, n = 0, . . . , Nt ñ øàãîì ∆t = T

Nt−1
, ãäå Nt � êîëè÷åñòâî âðåìåíí�ûõ ñëîåâ, T �

õàðàêòåðíîå âðåìÿ íàáëþäåíèÿ.

Èíäåêñ âðåìåíí�îãî ñëîÿ (n+ 1) îïóñêàåòñÿ òàì, ãäå ýòî íå âûçûâàåò ïðîòèâîðå÷èé.

Äëÿ ðåøåíèÿ çàäà÷è áûë ïðåäëîæåí ñëåäóþùèé àëãîðèòì

1. Ââîäèì ïàðàìåòðû ãèäðîäèíàìèêè è äîííîãî ìàòåðèàëà.

2. Óñòàíàâëèâàåì íà÷àëüíûå óñëîâèÿ äëÿ ζ è H èç (4).

3. Íà÷èíàÿ ñ (N − 1)-îãî è çàêàí÷èâàÿ 1-ûì ïðîñòðàíñòâåííûì óçëîì, âûïîëíÿåì ðåøåíèå

çàäà÷è ãèäðîäèíàìèêè ìåòîäîì îáðàòíîãî õîäà [11℄:

(a) èñõîäÿ èç óñëîâèÿ HN = H0
, âû÷èñëÿåì ãëóáèíó íà ïðåäûäóùåì ïðîñòðàíñòâåííîì

óçëå ïî �îðìóëå

Hi−1 = Hi +∆x

ζi − ζi−1

∆x
+ λFri

1− Fri

(

1− 3λ∆x
2Hi

) , F ri =
U2
i

gHi

, λ =
g

C2
;

(b) çíàÿ ïîñòîÿííûé ïî îáëàñòè ðàñõîä ïîòîêà, âû÷èñëÿåì ñêîðîñòü ïîòîêà â òîì æå

óçëå:

Ui−1 =
Q

Hi−1

.

4. Äëÿ ðåøåíèÿ ðóñëîâîé ÷àñòè ìîäåëè âû÷èñëÿåì çíà÷åíèÿ ïàðàìåòðîâ τ
i+

1

2

, τ
∗i+

1

2

, χ
i+

1

2

ïî ñëåäóþùèì �îðìóëàì:

τi = ρwg
U2
i

C2
i

, χi =

√

τ∗i

τi
, τ∗i =

3

8

κ2d(ρs − ρw)g tgϕ cos γi
cx

,

cos γi =
∆x

√

∆x2 + (ζi+1 − ζi)2
,

τ
i+

1

2

= 0.5(τi + τi+1), τ
i−

1

2

= 0.5(τi + τi−1),

χ
i+

1

2

= 0.5(χi + χi+1), χ
i−

1

2

= 0.5(χi + χi−1).

5. Âû÷èñëÿåì òåêóùóþ òðàíñïîðòèðóþùóþ ñïîñîáíîñòü ïîòîêà:

Sn+1

∗i
=







0.2
(Un

i
)3

WgHn

i

, W < u∗,

0, W > u∗,

u∗ =

√

τn
i−

1

2

ρw
.

6. Âû÷èñëÿåì ñðåäíþþ ñóáñòàíöèàëüíóþ ìóòíîñòü â óçëàõ ñåòêè ðàñ÷åòíîé îáëàñòè ñ èñ-

ïîëüçîâàíèåì ñõåìû áåãóùåãî ñ÷åòà [9, 11℄:

Sn+1

i
=

Sn

i + Un+1

i

∆t

∆x
Sn+1

i−1
+∆t

W

Hn+1

i

(Sn+1

∗i
− Sn

i )

1 + Un+1

i

∆t

∆x

.
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7. Âû÷èñëÿåì çíà÷åíèÿ ìàññîâîãî óäåëüíîãî ðàñõîäà âëåêîìûõ íàíîñîâ â óçëàõ ñåòêè ðàñ-

÷åòíîé îáëàñòè ïî �îðìóëàì

G0
i+1

2

=
4

3

ρs m (1− χ
i+

1

2

)

κ
√
ρs(ρs − ρw)g tgϕ cos γ

, m =

{

1, χ
i+

1

2

6 1,

0, χ
i+

1

2

> 1,

G
i+

1

2

= G0
i+1

2

τ
i+

1

2

3

2

[

(1− χ
i+

1

2

)−
1

tgϕ cos γi

(

1−
χ
i+

1

2

2

)

ζi+1 − ζi

∆x

]

.

8. �àññ÷èòûâàåì óðîâåíü äîííîé ïîâåðõíîñòè â óçëàõ ñåòêè ðàñ÷åòíîé îáëàñòè:

ζN = ζN−1 +∆x J,

ζn+1

i
= ζni −

∆t

ρs(1− ε)

(

Gn

i
−Gn

i−1

∆x
−

W

Hn

i

(Sn

∗i − Sn

i+1)

)

.

9. Ïîâòîðÿåì äåéñòâèÿ àëãîðèòìà ñ ï. 3 äî ï. 8, ïîêà íå äîéäåì äî ïîñëåäíåãî âðåìåíí�îãî

óçëà, òî åñòü ïîêà íå âûïîëíèòñÿ óñëîâèå (n+ 1) = Nt.

� 3. �åçóëüòàòû èññëåäîâàíèé

Äëÿ ïðèìåðà ïðèìåíèìîñòè ìîäåëè â ðóñëîâûõ ðàñ÷åòàõ áûëà ðåøåíà çàäà÷à îá èçìåíåíèè

ãåîìåòðèè ïîïåðå÷íîé ðóñëîâîé ïðîðåçè ïðè äâèæåíèè íàä íåé ãèäðîäèíàìè÷åñêîãî ïîòîêà.

�åîìåòðèÿ ðàñ÷åòíîé îáëàñòè ïîêàçàíà íà ðèñóíêå 1, ãäå L1 = 5 ì, L2 = L3 = L4 = 1.5 ì,

L5 = 10.5 ì, óêëîí íà ó÷àñòêàõ L2 è L4 ñîñòàâëÿåò 1:10.

�èñ. 1. �àñ÷åòíàÿ îáëàñòü

Ôèçèêî-ìåõàíè÷åñêèå è ãðàíóëîìåòðè÷åñêèå ïàðàìåòðû çàäà÷è áûëè âçÿòû èç ýêñïåðèìåí-

òàëüíîé ðàáîòû [12℄: L = 20 ì; H = 0.255 ì; U = 0.18 ì/ñ; d = 0.0001 ì; J = 0.0002; ϕ = 300;
cx = 0.3; ε = 0.4; W = 0.001 ì/ñ; ρs = 2650 êã/ì3

; ρw = 1000 êã/ì3
; α = 1.7.
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Â êà÷åñòâå òåñòîâîé äëÿ ïðåäëîæåííîé ìàòåìàòè÷åñêîé ìîäåëè èñïîëüçîâàëàñü çàäà÷à ïî

îïðåäåëåíèþ ýâîëþöèè äîííîé ïîâåðõíîñòè ðóñëîâîé ïðîðåçè ïîä äåéñòâèåì ïðîòåêàþùåé íàä

íåé âîäû. Ïðåäñòàâëåííûå íà ðèñóíêå 2 äàííûå, îïðåäåëÿþùèå íà÷àëüíûé óðîâåíü äíà è óðî-

âåíü äíà ñïóñòÿ 10 ÷àñîâ (òî÷å÷íîå ìíîæåñòâî), âçÿòû èç ýêñïåðèìåíòàëüíîé ðàáîòû [12℄. Ïðåä-

ëîæåííûå â ðàáîòàõ [12, 13℄ ìàòåìàòè÷åñêèå ìîäåëè ïîçâîëèëè ïîëó÷èòü òîëüêî êà÷åñòâåííîå

ñîãëàñîâàíèå ñ ýêñïåðèìåíòàëüíûìè äàííûìè (ïóíêòèðíàÿ è æèðíàÿ øòðèõïóíêòèðíàÿ ëè-

íèè). Èç ñðàâíåíèÿ êðèâûõ ñ òî÷å÷íûì ìíîæåñòâîì âèäíî, ÷òî ðåøåíèÿ, ïîëó÷åííûå ïî ìî-

äåëÿì, ïðåäëîæåííûì â ðàáîòàõ [12, 13℄, íå ìîãóò ïðàâèëüíî âîññòàíàâëèâàòü �ðîíòàëüíîå

äâèæåíèå ïîäâåòðåííîãî ñêëîíà êàâåðíû, à òàêæå ïîêàçûâàþò èçáûòî÷íûé ðàçìûâ äíà íàïîð-

íîãî ñêëîíà êàâåðíû.

�àñ÷åòû, âûïîëíåííûå ïî ïðåäëîæåííîé â ðàáîòå ìàòåìàòè÷åñêîé ìîäåëè, ïðåäñòàâëåííûå

ñïëîøíîé ëèíèåé, èìåþò õîðîøåå ñîãëàñîâàíèå ñ ýêñïåðèìåíòàëüíûìè äàííûìè. Ïðè ìåíüøåì

êîëè÷åñòâå ïàðàìåòðîâ ìîäåëè ïðåäëàãàåìàÿ ìîäåëü õîðîøî âîññòàíàâëèâàåò �ðîíò äâèæåíèÿ

ïîäâåòðåííîé è íàïîðíîé ÷àñòåé êàâåðíû, åå ãëóáèíó è íå ïðèâîäèò ê èçáûòî÷íîìó ðàçìûâó

íàïîðíîãî ñêëîíà êàâåðíû è îñíîâíîé âûõîäíîé ÷àñòè êàíàëà.

Êîëè÷åñòâåííî èç ñðàâíèòåëüíîãî àíàëèçà ñëåäóåò, ÷òî â ñðåäíåì ïî îáëàñòè ñîãëàñîâàíèå

ýêñïåðèìåíòàëüíûõ äàííûõ ñ ðåøåíèåì, ïîëó÷åííûì ïî ïðåäëîæåííîé ìîäåëè, âûñîêîå. Îò-

íîñèòåëüíàÿ ïîãðåøíîñòü íå ïðåâûøàåò 5%, ÷òî áëèçêî ê ñèñòåìàòè÷åñêîé òî÷íîñòè ýêñïåðè-

ìåíòàëüíûõ äàííûõ. Ïðåäëàãàåìàÿ ìîäåëü ÿâëÿåòñÿ îäíîìåðíîé, è àëãîðèòì ðåøåíèÿ çàäà÷è

ïî íåé çíà÷èòåëüíî ïðîùå, ÷åì â ìîäåëÿõ [12,13℄. Îäíàêî ðåøåíèÿ, ïîëó÷àåìûå ïî ìîäåëè [12℄

è ïî ìîäåëè [13℄, ïðè ñðàâíåíèè ñ ýêñïåðèìåíòàëüíûìè äàííûìè èìåþò îòíîñèòåëüíóþ ïî-

ãðåøíîñòü â ñðåäíåì ïî 15�20%. Îòìåòèì, ÷òî ìîäåëü [12℄ è ìîäåëü [13℄ ÿâëÿþòñÿ äâóìåð-

íûìè è íåðàâíîâåñíûìè ìîäåëÿìè. Êðîìå òîãî, ìîäåëü [13℄ ó÷èòûâàåò âëèÿíèå âçâåøåííûõ

è âëåêîìûõ íàíîñîâ, ëàâèííûé ñõîä äîííîãî ìàòåðèàëà, âêëþ÷àåò óñðåäíåííóþ ïî ãëóáèíå

öèðêóëÿöèîííóþ ìîäåëü è ñïåêòðàëüíóþ ìîäåëü òðàíñ�îðìàöèè âîëí.

�èñ. 2. Ñðàâíåíèå ýêñïåðèìåíòàëüíûõ äàííûõ (òî÷å÷íîå ìíîæåñòâî) ñ ðàñ÷åòíûìè äàííûìè [12℄ (æèðíàÿ

øòðèõïóíêòèðíàÿ ëèíèÿ), ðàñ÷åòíûìè äàííûìè [13℄ (ïóíêòèðíàÿ ëèíèÿ) è ðàñ÷åòíûìè äàííûìè ïî

ïðåäëîæåííîé ìîäåëè (ñïëîøíàÿ ëèíèÿ) ñïóñòÿ 10 ÷

Èç ïîëó÷åííûõ ðàñ÷åòîâ ñëåäóåò, ÷òî âîëíû íà ïîâåðõíîñòè âîäû, ëàâèííîå îáðóøåíèå

äîííîãî ìàòåðèàëà è ïðîöåññ ðåöèðêóëÿöèè æèäêîñòè ïðè äàííûõ óñëîâèÿõ íå îêàçûâàþò

çíà÷èòåëüíîãî âëèÿíèÿ íà ïðîöåññ èçìåíåíèÿ äîííîé ïîâåðõíîñòè.

Çàêëþ÷åíèå

Ïðåäëîæåíà ìàòåìàòè÷åñêàÿ ìîäåëü ðóñëîâîãî ïîòîêà, ìîäåëü âëåêîìûõ íàíîñîâ â êîòî-

ðîé íå ñîäåðæèò â íîâûõ �åíîìåíîëîãè÷åñêèõ ïàðàìåòðîâ. Ìîäåëü âêëþ÷àåò â ñåáÿ ñëåäó-



Èññëåäîâàíèå ýâîëþöèè ïîïåðå÷íîé ðóñëîâîé ïðîðåçè 151

ÌÅÕÀÍÈÊÀ 2014. Âûï. 2

þùèå óðàâíåíèÿ: ñòàöèîíàðíîå óðàâíåíèå äâèæåíèÿ âîäíîãî ïîòîêà, îïðåäåëåííîå â ðàìêàõ

ïðèáëèæåíèÿ ìåëêîé âîäû; íåðàâíîâåñíîå óðàâíåíèå ïåðåíîñà âçâåøåííûõ íàíîñîâ; óðàâíåíèå

âëåêîìûõ íàíîñîâ, ó÷èòûâàþùåå ãåîìåòðèþ äíà, è óðàâíåíèå áàëàíñà íàíîñîâ, îïðåäåëÿþùåå

ýâîëþöèþ ãåîìåòðèè äîííîé ïîâåðõíîñòè.

Äëÿ âåðè�èêàöèè ïðåäëîæåííîé ìîäåëè ðåøåíà çàäà÷à îá èçìåíåíèè ãåîìåòðèè ïîïåðå÷íîé

ðóñëîâîé ïðîðåçè ïðè äâèæåíèè íàä íåé ãèäðîäèíàìè÷åñêîãî ïîòîêà. Ïîëó÷åííûå ðàñ÷åòíûå

äàííûå õîðîøî ñîãëàñóþòñÿ ñ èçâåñòíûìè ýêñïåðèìåíòàëüíûìè äàííûìè â îáëàñòè êàâåðíû.

Ñðåäíÿÿ îòíîñèòåëüíàÿ ïîãðåøíîñòü ðàñ÷åòíûõ äàííûõ áëèçêà ê 5%, ÷òî ñîîòâåòñòâóåò òî÷-

íîñòè ýêñïåðèìåíòàëüíûõ äàííûõ.

Ïî ðåçóëüòàòàì âåðè�èêàöèè ïðåäëîæåííîé ìîäåëè ìîæíî ñäåëàòü âûâîä î òîì, ÷òî ìà-

òåìàòè÷åñêàÿ ìîäåëü êà÷åñòâåííî è êîëè÷åñòâåííî îïèñûâàåò ïðîöåññ äå�îðìàöèè äîííîé ïî-

âåðõíîñòè ïîä äåéñòâèåì ãèäðîäèíàìè÷åñêîãî ïîòîêà. Ïîêàçàíî, ÷òî âîëíû íà ïîâåðõíîñòè

âîäû è ëàâèííîå îáðóøåíèå äîííîãî ìàòåðèàëà â ðàññìîòðåííîé çàäà÷å íå îêàçûâàþò çíà÷è-

òåëüíîãî âëèÿíèÿ íà ïðîöåññ �îðìèðîâàíèÿ äîííîé ïîâåðõíîñòè.
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The paper presents a river-bed mathematial model that is one-dimensional in spae. In the model we use the

original equilibrium formula of bed-load sediment motion, whih takes into aount the in�uene of bottom

morphology, physial and mehanial parameters of the bottom material on bed-load sediment transport

proess is used. The formula does not ontain new phenomenologial parameters. The hydrodynami �ow is

desribed by the steady motion equations within the bounds of the �shallow water� theory. The numerial

algorithm for the solution of the governing equations by the ontrol volume method is proposed. The problem

of hanging geometry of a ross-hannel trenh when moving over it transit hydrodynami �ow is onsidered as

a veri�ation of the model. The obtained solutions are ompared with an experimental data and alulations

of other authors. The movement front of the downstream and upstream trenh regions, as well as the trenh

depth, are well-restored due to the model proposed. On average, we obtained a high degree of agreement

between the numerial results and experimental data in the region, the mean-relative error between the

alulated and measured data is lose to 5%. Aording to the veri�ation results of the proposed model we

have onluded that the mathematial model quantitatively and qualitatively desribes the proess of bottom

surfae deformation under the in�uene of hydrodynami �ow.
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