, 25 7 (2004 7 )
Applied Mathematics and Mechanics

:1000.0887(2004) 07_0677_09

ik T, MEE

( ) , 310027)
( & IE A B R AZ)
Re s
, N Re s
s Re
0359 A
s R Batchelor' "
, ; Leal Hinch'”!
Fokker Planck s ; (31
- Lin [4]
(3] , Bemstein  1°
s Olson! ! Fokker Planck
s Fokker_Planck
Bemstein  '°
200308 12; ;2004 0312
(10372090)
(1979 ), s (Tel: + 86.571.87952221; E_mail: mecjzlin@ public. zju.
edu. cn);

( ), Tel: + 86571 _87952882; Fax: + 86_571_87951464; E_mail: jzlin@ sfp. zju. edu.

cn



678

1 2
R Bemstein | °
2a Z /] -
21
1 2
1
1.1
, 81 KSSM [9] ,
Uelr) _ 5 g51q utR=1), 55 (1)
u
u , Us/u = 2.5In(u R/ )+ 175
u, Fourier , N
N
%: [(by ko)cos(ke x— )+ (cu hku)sin(ke x— )], (2)
ms n=1
N ( N= 100), b, ¢ , .
) Ui, k,
((bn kn) kn=
0),
LaufelJ 10} R e Ums
, ulms(r) s
Ums(T), b, ¢. . ki, (2)
t x u(x,t) U(x)
1.2
Kolmogoroff , ,
s , Mackaplowl t :
2
V=u (xc+ p)- [U+ ( + p)]=- Z{IHZ + ]n—bl(;)s}( +pp) f(s)-
f(s)— f(s)
( =3p) f(s)-( +p) 75 ds, (3)
’p 2 S 2 2 U
, u , Xe , b(s) s
, s b(s)= Lf(s) s (3)



679

, f(s), Gauss M (
M= 10), f(si) , M ,(3)
f(si) ,
. . (3) M
M
bi= Ai f(si)+ B f(si)- m:lkme f(sm) (i= 1,2, , M), (4)

m i

bi= u (x.+ sp)-[ U+t ( sp)], B=( + pp).
Ai= 212 + I Ji- s9( +pp)+ ( - 3pp),

N
I In
bi= m=1 I Si— Sm ¢ kim - | Si— Sm |
(4) f(si)
1 1
F=38 l_]f(s)ds, L=28 lz_lsp f(s)ds (5)
dU _ d _
m dr = F, Je dt + Je = L (6)
2
, Bemstein % . 0.019 m;
, Re 2 500, 5 000, 8 000, 10 000
=10 a=5 10°m , =2 10 kg/m’
) 0~ 90 f( )= sin
0. 005 m )
) 0
3
3.1
3 Re= 5 10’ zr
Laufer' " s




680

15F

IOF

p/(%)

ol . . , ) 0 10 20 30 40 S0 6 70 8 90
0.2 0.4 0.6 0.8 L0 /()
X,
3 4
, 0.03
3.2
4 2 2
2
’ ’ O ~ % f( ): Sil’l
, Bemstein'®! " .
5, Bemstein )
Re= 1600 2 500, .
40[ 40
0Fr 30
® 9
-~ 20F - 20
s s
104 10
0 -t
0 10 20 30 40 50 60 70 8 90 0 10 20 30 40 50 60 70 80 90
8/¢®) 8/¢)
(a) Re =2500 (a) Re =2 500
40 40r
30F 30F
® *®
-~ 20 - 20F
Y b
10F 10}F

0 10 20 30 40 50 60 70 80 90
8/(®)

(b) Re = 5000

0 10 20 30 40 50 60 70 80 S0
8/(®)

(b) Re = 5000



681

Re

p/ (%)
8

0
0 10 20 30 40 50 60 70 80 90

6/(°)
(¢) Re =8000
40 r
30F
¥ o}
<
R,
10}

8/¢°)

(d) Re =10 000

0~90

6 Re 2500 8000

0
0 10 20 30 40 S0 60 70 80 90

), 0 ;
0.020
0.015} .
0.010 o i .
% ©o%, o ® o °
T 00050 .. o g gl LS
B oF o o8 "::'l T A A
~ lp § °® o0 Pattn R, 5°
N b o %oi"é‘?w’ °&e°°:n§°£ .
*" - 0.005 - & % Oy f: '::o: 3s
o PPy 9 °
~0.010 |~ . . . o
-0.015¢ °
~0.020 1 N N
0 0. 005 0.010 0.015

R/m

p/(%)
&

0
0 10 20 30 40 50 60 70 80 90

8/(°)
(¢) Re =8 000
40r
30}
®
X 2r
a,
10

0
0 10 20 30 40 S0 60 70 80 90

as(°)
(d) Re= 10 000
0~ 9
b
X _’y
(z
O.OSOF
0.040} o°
0.030 |- . ..
0.020 teatn Tt .
o~ ® © © 0 o® o
S 0.010} o LSt S
LR R A 7 ORI
S O SR AT
“"“O'OIOL °°:°: :a:ﬂ?aean., n.?‘?e;o -~ %o :"
-0.020 o, 2R
—0.030} " = .
-0.040 |-
-0.050 . \ .
0 0.005 0.010 _ 0.015

R/m



682

& oy 2]
e o ° o
e v g0 o 1s
6w °°
° oouao 00
° R o,e

° m..oweushouo ;
L WQGQD o
eo?ooolw.vdu
QO JQ
oo g
[ TR A L #. 308 B
" o =) o n
§858°82 88
s & o o -
!
(5/ur) s

0.010

0.005

0.015

_0.010

'0. 005

0.010 0.015

R/m

0.005

0

0.010 0.015

R/m

0.005

0.010

0

Re =8 000

Re =2 500

Re

Re

o

10 00D

500

7

Re

Re

2500 8000

Re =
Re

3.4



683

o ac °
4 °
un 8 eou o ° 1
°e®@o © ® 8
o o og %
o © Boe
00 % ‘o Bekow°
° 0%0° o °
o %nnﬁ u%m , o
s o o° L
oo 85 89 © o L0

° o % gog 020 Mo -
o ° § .0 o
o 8 0000 ° 40
o o o
* o-.!% ot e
e s 0%0 ©

o
. oS
o $hadpe op
S C AN
° 9°° 00 %a %2 % R

g7 Xl

-]
°
L) . °
awo %8, 0
96° #°% .g

000 @
@0

0.010 0.015

R/m

0.005

0.010 0.015

R/m

0.005

0.010 0.015

R/m

0.005

0.010 0.015

R/m

0.005

0.010 0.015

R/m

0.005

0.010 0.015

R/m

0.005

Re =8 000

Re =2 500

1




684

3.5
10
4
’ ’ 9 Re
) , 0~
90 ,
0 ,
40 40
®
B
-9
0. . . .8 .
0.1 0.3 05 07 09
r/Ro
(b) Re = 5000
Or 40
30.
® 0
< S 2
3 >
03
0 0.4 06 _0.8__1.0
0.1 70305 0.7 09

T/Ro

(d) Re = 10 000




685

(2]

(3]

(4]

(5]

(7]

(8]

(9]

[10]

(1]

[ ]

Batchelor G K. Slender_body theory for particles of arbitrary cross section in Stokes flow[ J]. J Fluid
Mech, 1970,44(3):419 440.
Leal L G, Hinch E J. The effect of weak Brownian rotations on partides in shear flow[J]. J Fluid
Mech, 1971,46(4): 685 703.

) ) y [J1. )
2002, 12(4):372  376.

, , . [J]. ,2002, 23
(5): 483 488.
LIN Jian_zhong, ZHANG Wei_feng, WANG Ye_long. Research on the orientation distribution of fibers
immersed in a pipe flow[ J]. Journal of Zhejiang University Science, 2002, 3(5):501 506.
Bernstein O, Shapiro M. Direct determination of the orientation distribution function of cylindrical
particles immersed in laminar and turbulent flow[J]. J Aerosol Aci, 1994,25(1): 113 136.
Olson J A. The motion of fibres in turbulent flow, stochastic simulation of isotropic homogeneous tur-
bulence[ J]. Int J Multiphase Flow , 2001, 27: 2083 2103.
WANG Lian_ping, Stock D E. Numerical simulation of heavy particle dispersion scale ratio and flow
decay considerations[J].J Fluids Eng Trans ASME, 1994, 116: 154 163.
Fung J CH, Hunt J C R, Maik N A, et al. Kinematic simulation of homogeneous turbulence by u
steady random Fourier modes[ J] .J Fluid Mech, 1992, 236: 281 318.
Laufer J. The structure of turbulence in fully developed pipe flow[ J]. Natl Advisory Comm Aeronaut
Tech Repts, 1954, 1174: 417 434.
Mackaplow M B, Shagfeh E S G- A numerical study of the sedimentation of fibre suspension[ J].J
Fluid Mech, 1998, 376: 149  182.

Research on the Motion of Particles in the
Turbulent Pipe Flow of Fiber Suspensions

ZHANG Wei feng, LIN Jian zhong

( Department of Mechanics, State Key Laboratory of Fluid Pow er Transmission and Contrd ,

Zhejian g University , Han gzhou 310027, P.R. China)

Abstract: The motion of fibers in turbulent pipe flow was simulated by 3_D integral method based on
the slender body theory and simplified model of turbulence. The orientation distribution of fibers in the
computational area for different Re numbers was computed. The results which were consistent with the
experimental ones show that the fluctuation velocity of turbulence cause fibers to orient randomly. The
orientation distributions become broader as the Re numer increases. Then the fluctuation velocity and
angular velocity of fibers were obtained. Both are affeded by the fluduation velocity of turbulence.

The fluctuation velocity intensity of fiber is stronger at longitudinal than at lateral, while it was oppo-
site for the fluduation angular velodty intensity of fibers. Finally, the spatial distribution of fiber was
give. It is obvious that the fiber dispersion is strenghened with the increase of Re numbers.

Key words: fiber suspension; numerical simulation; pipe flow; turbulent; orientation



