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1 Int r o d u e t io n

S l u g fl ow 15 o n e o f t h e m o s t b a s i e fl ow P a t
-

t e r n s a n d o e e u r s o ve r a b r o a d r a n g e o f g as a n d

liqu i d fl ow
r at e i n s m a l l a n d m e d i u m s i z e t u b e

.

I t 15 eh ar
a e t e r i z e d b y l a r g e b u ll e t

一 s h a P e b u b b l e s

(
r e fe r r e d t o a s a l b夕 lo r b u b b l e )

, a lm o s t if ll i n g

u P the t u b e ,

w h i e h ar
e s e P ar at e d b y liqu i d s lu g s

.

O en m ay o r m叮 n o t if n d sm a l l b u b b l e s i n s l u g

fo llow i n g t h e
aT y l o r b u b b l e

.

S lu g fl o w 15 a h i g h l y e 0 I l l P l e x
yt p e o f fl ow

w i t h a n u n s t e
ad y n at u r e

.

A g r e a t d e a l o f e x P e r -

im e
llt

a l a n d t h e o r e t i e al 、 v 〔〕r k h a v e b e e n d o n e o n

s l u g fl o w i n ve r t ie a l t u b e s [1一 4 ]
.

凡
r t h e i n e li n e d

e
as

e w it h a e i r e u l a r t u b e , o n ly a fe w s t u d ie s [5一 7 ]

h va e b e e n P r e s e
nt

e d
, a n d t h e P r e v i o u s r e s u l t s

ap P e
ar gr e at l y s e at t e r e d

.

T h e P u r P o s e o f t h e P r e s e n t i n ve s t i g a t i o n 1
5

t o o b t ia n s o m e h i g h qu
a l it y e

xP
e r im e

nt
a l d a t a

o f s lu g fl ow i n ve r t i e a l a n d n e a -r v e r t i e a l t u b e s

勿
u s in g h ig h s p e e d m o t i o n a n a l y z e r

.

T h e n o n -

i n vas i ve m e as u r e
m

e

nt
s

ar
e

i n
s h ar P e o

nt
r as t t o

s u e h e o m m o n ly u s e d m e t h o d s

as
e o n d u e t a n e e

a n d o P t i e al P r o b e i n w h i e h t h e d a t a
ar

e o b
-

t a i n e d by i n
s e r t io n o f t h e P r o b e int

o t h e fl ow
if e l d a t a g ive n P o int

.

T be p r o P o s e d d at a o f t h e

b u b b l e v e l o e i t y, t h e d i s P e r s e d b u b b le s i z e a n d

t h e e h ar
a e t e r

i
s t i

e s o f t h e liqu id if lm a r e i n g o o d

a g
r e e

m
e

nt w i t h
vaa

i l a b l e r e s u lt s
.
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*
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n a l N at u r a l S e i e n e e
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一
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.

d
.
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.

T h e m e a s u r i n g s t a t i o n 15 i n s t a l l e d 4
.

5 m

a b o v e t h e i n le t
,

w h ie h e a n e l im i n a t e t h e e
ffe

e t s

o f i n l e t a n d o u t le t
.

A t r a n s P a r e
nt

,

w at e r 一 if l le d
,

r e e t an g u la r b ox 15 if t t e d o
nt

o t h e m e a sur i n g s t -a

t i o n t o al lo w u n d i s t o r t e d v i d e o g r a P h i e m e as u r e -
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llt

s
.
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.
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.
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e n t a l s y s t e m

1
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ge ; 4
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T h e r m o m e t e r ;
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M厄 t e r 一 p u m p ; 8
.
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L ig ht
e n t e r s t h e im

-

ag e r t hr o u g h t h e l e n s a n d 15 e o
nv

e r t e d int
o a

v id e o s i g n a l
.

T h e v id e o s i g n a l e o r r e p o n d s p
r e -

e i s e l y t o t h e

va
r ia t io n i n int

e n s it y a n d s P a t i a l
r e l at i o n s h i p s o f t h e im a g
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.

T h e va r i a t i o n i n int
e n s i t y o f l ig ht e o m i n g fr o m

d il丘r e
nt

o b je e t s i n t h e

im
a g e r e p r e s e nt s t h e
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hi p a m o n g o b j

e e t s
,

T h e v i d e o

s i g n a l e r e
at

e d i n t h e im ag
e r 15 a m p l iif e d a n d

p r o e e s s e d 5 0 t h at i t e a n b e t r a n s
m i t t e d t hr o u g h

t h e im a g
e r e a b le t o t h e p r o e e s s o r

.

O n e e t h e

u s e r 15 s
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vo i d e t h e
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肠
a n s p o r t 15 e o m m o n d e d t o m vo

e t a p e
at t h e
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b o a r d s a r e t u r n e d o n , s e n d i n g t h e v i d e o s ig n a l

t o t h e R e e o r d H e a d
.

T h e fr a m e r at
e s e le e t e d i n

t h e e
xP

e r im
e

nt 15 10 0 0 fr a m c s P
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3 Im a g e a n a l y s i s

T h e im鳍
e fr a m

e s d e s e r ib i n g t h e t
wo

-

P h as e fl o w if e ld w e r e r e e o r d e d a n d s t o r e d i n t h e

s P e e i a l e a s s e t t e s
.

I n o r d e r t o o b t a i n t h e i n fo r -

n l a t i o n o n s
lu g fl o w

, a s e r ie s o f im a g e a n a l y
-

5 15 s t e
P s m u s t b e fu r t h e r u n d e r t a k e n

.

M
o t i o n

p r o g r a m 15 a m e
un

一

d r ive n s o ft w ar
e

P a e k a g e d e -

s ig n e d t o fa e i li t a t e t h e d i g it i z i n g o b j e e t m o t i o i i

r e e o r d e d w i t h h ig h s
P e e d v id e o s y s t e n l 、
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P u t e r
.

T h e if r s t s t e p o f d a t u m e o l l e e t i o n 15 t o

d e t e r m i n e t h e s e al e
fa e t o r

.

S u e h a fa e t o r 15
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t
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e n t wo l a n dm a r k s 11 1 t h e o b j e e t
一 s p a e e

by t h e

m
e
as u r e d im a g e d is t a n e e b e t we
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.
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a g e r a t io e a n b e

u s e d t o e o
vn

e r t im a g e i llt o a e t u a l e o o r d i n a t e s
.

T h e o u t s i d e d i a m e t e r o f t h e t u b e w as u s e d t o

a e e o m P li s h t h i s t as k

T h e s e e o n d s t e P o f d a t u m e o l le e t io n 15 t o

m e那 u r e t h e v e l o e i t y o f t h e b u b b l e s a n d s u e h

r e q u i r e d P ar
a m e t e r s

as t h e s i z e o f s m a ll b u b
-

b l e s a n d t h e t h ick n e s s o f f a l li n g ifl m
.

I n o r d e r
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as
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.
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s ,

t h e s i z e o f t he b ub b le s ,
t he fa l li n g fl lm

t h ikC n e s s
an d t h e l o e a t i o n o f t h e

aT y lo r b u b b l e

n o s e e
an b e o b t a i n e d e

as i l醉 T h e le n g t h o f t h e

T ay l o r b ub b le

mus
t b e d e t e r

m ien d 饰 me an
s

o f t h e v e lo e i t y o f t h e e o r r e s p o n d i n g b u b b l e a n d

t h e k n

ow
n t e

m p o r a l s e p ar
a t i o n b e e a u s e t h e t wo

l a n dm ar k s t h at a r e u s e d t o d e t e r m in e t h e s e
P -a

r a t io n d i s t a n e e m叮 u s u a ll y n o t l i e i n t h e s

am
e

fr a m
e

.

T h e d e s ir e d ve l o e i t y v e e t o r s m即 b e d e t e r -

m i n e d by d iv i d i n g t h e s e P ar at i o n d i s t an
e e b e -

t
we

e n e o r r e s p o n d i n g b u b b le im a g e s in s u e e e s -

s ive im a g e fr a m
e s

(杯瓦不刃淤 ) by t h e k n

ow
n

t e m P o r a l s e P ar
a t i o n △忿

.

B e e a u s e t h e t im e s e P
-

ar
a t io n b e twe

e n i n l a g e e a P t u r e s 15 ve r y s m al l

(0
.

0 0 1 5
)

,
t h e i n s t a n t a i i e o u s v e lo e it y o b t a i n e d

15 d e if n e d as :

认 _ 必耍】三宝 (1)
△ t

w h e r e △ x 、= h o r iz o
nt

a l (
二
) d i s p l a e e m e

nt
o f b u b

-

b l e 乞b e t
we

e n s u e e e s s ive im a g e s ,

△夕̀ = v e r t i e a l

( , ) d i s p la e e m
e

nt
o f b u b b le 乞b e t we

e n s u C C e s s ive
im a g e s ,

△艺 = t im e s e p a r a t i o n b e twe
e n s u e c e s -

s i ve im a g e e a p t ur e s ,

认 = i n s t a n t o
e o u 、 v e l o e it y

o f b u b b l e 艺
.

T h e t h i r d s t e p o f d at u m e o l le e t io n 15 t o

d e t e r
m i n e t lle 、 l l a p e o f T盯 lo r b ub b l e

.

M ak in g

u s e o f t h e o b j
e e t d a t a e o ll e e t i o n ,

t h e s h ap
e o f

t h e

aT
夕l o r b u b b l e m叮 b e d r

aw
n
by m e as u r i n g

t h e e o o r d i n a t e 、 o f d i ffe
r e
nt p o int

s o n t h e g a s -

li q u id i llt
e r

af
e e

.

T h e d a t a s h o w n i n t h i s p ap
e r

we
r e e o ll e e t e d a i l d va e r a g e d vo e r t e n b l o ck s t o

e n s u r e a e e ur a t e r e s u l t s
.

T h e r e la t iv e m e as u r e -

me
, i t e r r

or
o f t he h i g h sP e e d m o t i o n an

a l y z er is

w i t h i n 0
.

0 0 5 2
.

3 E x p e r im
e nt a l r e s u l t s a n d d i s e u s -

S 10 n

T h e P r e s e
llt P a P e r 15 fo e u s e d i n a n e x P e r i

-

m e
nt

a l ivn
e s t ig a t io n o f t h e fu l ly d e v e lo P e d s l u g

fl ow i n v e r t i e al a n d in
e l i n e d t ub

e s
.

T h e e x l〕 e r -

im e
llt

s

we
r e e a r r i e d o u t vo

e r t h e v e lo e i t y r a n g e

o f s l u g fl ow p a t t e r n
.

T h r e e k i n d s o f i n e l i n -a

t i o n a n g l e s
(0 = 80

0 ,

8 5
0 ,

9 0
0

) we
r e s t u d i e d fo r

D = 30 m m
.

A n a d d i t i o n a l t e s t w as P e r fo r m e d

fo r o = 9 0
o

w i t h t ll b e o f 4 7 lll m 111 i
.

d
.

oF
r s im P l ie i t y

,

m e a n in g s o f a l l s y n i b o l s

u s e d in t h i s P a p e r a r e l i s t e d as fo llow
s :

C i ,

CZ ar
e e o e

iff
c i e n t s

,

D t u b e d i a m
e t e r ,

F r

rF ou de 皿mb er
,

F : 。
= K / (g )D

1邝
,

F勺 =

VT / (。 n )
` / 2

,

。 盯va it at in n al a e e e le r at in n
,

N t -o

t al n u l n l〕e r o f s m a ll b u b b le s i n li q u id s l u g
,

dN nu
xn l〕 e r o f s m a ll b u b b le s w i t h d i a r n e t e r
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.

s m m
, r o r a d i a l P o s i t i o i i o f b u b b le n o s e ,

铸 I iq u i d if lm v e l o e i t y
,

VG
s u p e r if e i a l g a s ve

-

l o e i t y
,

VL
s u p e r fl e i a l li q u id 光 l o c i t y

,

K m i-x

t u r e v e lo e i t y
,

VT T a y lo r b u b b l e ve l o e i t y
, x

a-x
i a l d i s t a n e e ,

夕 d i s t a n e e fr o m g a s 一 l i q u i d in t e r -

fa
e e t o t u b e w a l l

,

0 i n
e l i n a t i o n a n g l e

,

石 li q u i d

if lm t h i e k i l e 、 、 ,

心
I i o n d i二 i e n s io n a l ax i al d is t a n e e ,

刀 n o n d ii n e i i 、 i o n a l li q u i d if lm t h i e k n e s s
.

3
.

1 T h e v e l o e i t y o f T a y l o r b u b b l e

OF
r v e r t i e a l t u b e w i t h a d i a m e t e r o f

2 5
.

9 m m
,

N i次 li n e 艺 a l 18 ] fo u n d t h at fo r

R e y n o l d s
nu mb

e r s o f (8、 50 )
x 10 3 b u b b le v e lo e -

i t y 15 ve r y we l l e o r r e lat e d b y

巧 二 CI K + 仇了乡万 ()z

T h e m e a s u r e d n o n d im e n s i o n a l v e lo e i t i e s o f aT y
-

l o r b u b b l e fo r t h r e e k i n d s o f i n e li n a t i o n
an g l e s

a r e p r e s e

nt
e d i n F i g s

.

2~ 4
.

T h e s e

ar
e a e e u r a t e

va
e r a g e s o ve r if v e b u b b le s a t t h e s a m e fl ow

_
c o r r e l a t i o l-

口 = 9 0 0

多
口= 80 0

六
, `

工

乡姆
少护

’

9

梦
/

卜卜叭

/
`

日,J阶口

//,
-
刃、

卜卜气卜卜乌

序

心 E x p e r l一t i e ll t al d a t a

肠

F r -

F .f F .f

F i g
s

.

2 ~ 4 B u b b le 价
o u d

e

nu m b e r F , T = VT / (夕D )
1 / 2 v s

li q u ia R
o u d e n u

赫
e r

F 二 ,

= 讥 / (夕 D )
1 / 2 i n v e r t i e a 一t u b 。 w i t h D = 3 o mm

,

夕 = 9 0 0

( 2 )
,

5 5 0

(3 )
a n a s o o

( 4 )

r a t e
.

T h e v e l o e i t y o f T a y l o r b u b b l e

r e lat e d 勿 E q
.

ve r t i e a l t u b e ,

2」
.

T h e r e l a t iv e e r r o r

15 , Ve l l e o --r

15 0
.

0 5 fo r

a l l d 0
.

10 fo r t h e o t h e r

o f i n e li n at i o n a n g l e s
.

o f C i a n d CZ ar
e s h

T h e l e a s t s q u

t YV《〕
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if ta l e

k i n d s

v a l u e s
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3 5 0 fo r o = 9 0
0

; C i = 1
.
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姚 = 0
.
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.

1 93
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q = 0
.
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T h e e o e
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i
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nt C i d e e r e a s e s a s t h e a n g l e o f

i n e l i n a t io n d e e l i n e s fr o m t h e
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r t i e a l P o s i t io n

.

T h e e x i s t i n g I l l v e s t i g a t i o n s s h o w t h a t t h e va lu e

o f C i 15 a
ffe

e t e d 场 t h e l iqu i d ve lo e it y a h e a d

o f t h e T a y lo r b u b b le n o s e
.

oF
r v e r t i e al u P w a r d

fl o w
,

t h e n o s e t i P o f aT y l o r b u b b l e l i e s i n t h e

t u b e e e
nt

e r l i n e w h e r e t h e l i q u i d v e lo e i t y 15 m a -x
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e q u a l t o 1

.

2 2 Vs fo r t u r b u le n t fl o w )
.

oF
r

i n e l i n e d t u b e ,

h o

we ve r ,
t h e n o s e t ip u s u a l ly h as

t h e s h i ft i n r a d i a l P o s i t io n w h i e h l e a d s t o t h e

e o e
iff

e i e nt C i d e e r e a s i n g
.

I n e o n t r a s t
,

t h e n o n 一 d im e n s i o n a l d r i ft ve
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d e e l i n e s fr o m t h e v e r t i e a l P o s i t i o n
.

T h is r e -

s u lt 15 e o n s i s t e
nt w i t h t h a t o f B o n n e e a z e e 亡a l

.

16 ]
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a l o n e
.
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im a t i o n ,
t h a t l e v e l s a n d b u o y尽n e y e

ffe
e t s a e t

in d e P e n d e
llt l y, a n d P r o P o s e d

几 = 岭
e o s o + 叮

s i n o
(3 )

w h e r e

叼句咪 = .0 35

暗 = 0
·

5 4 2

C o m P a r i s o n s b e t we
e n t h e p r o p o s e d v a l u e s

o f C i ,

CZ
a n d t h o s e o f N i ck l i n e t a l [8 ] fo r ve

r t i
-

e a l t u b e s a n d B e n d i k s e n fo r i n e l i n e d t u b e s a r e

s h ow
n i n T h b l e 1

.

I t e a n b e s e e n t h a t C i o f

t h e P
r e s e

nt P a P
e r 15 s l ig ht ly l a r

g e r t h a n t h a t

o f N i e k l i n e t a l fo r t h e ve r t ie al t u b e
.
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o t h e r t
wo k i n d s o f i n e l i n a t i o n a n g l e s ,

t h e r e e 一

仇
s l i g ht ly d i ffe

r e
nt fr o m B e n d i k s e n , 5 r e s u l t s

.

o m m e n d e d C i 15 e l o s e t o t h e u P P e r l im it a n d

l h b l e 1 C
o
m Par i

s o n s o
f CI

,

CZ w it h N ie k li n
, 5 a n d B e n d i k s e n , s

0 = 8 0 0
口 = 8 5 0

0 = 9 0
0

C i P r e s e nt er s u l t B e n d ik
s e n , 5

P
r e s e nt

r e 日 u lt B e n d ik s e n , 5
P r e s e nt r e s u l t N i e k l in

, s

1
.

1 9 3 1
.

0 、 1
.

2 1
.

19 8 1
.

0 、 1
.

2 1
.

2 1 9 1
.

2

CZ P r e s e nt r e s u l t E q
.

( 3 ) P r e s e nt r e s u it E q
.

( 3 ) P r e s e nt r e s u it N i e k l in
, s

0
.

4 4 5 0
.

4 3 9 0
.

3 7 2 0
.

3 9 6 0
.

3 5 0
.

3 5

I t s h o u l d b e P o int
e d o u t t h a t t h e r e s u l t s

P r e s e
nt

e d b y N ie k l i n e t a l a n d B e n d i k s e n e t a l

w e r e c o r r e la t e d b y t h e d a t a o f a s i n g le b u b b l e

i n fl o w i n g liqu id w h i e h d o e s n o t e o n s id e r t h e i-n

fl u e n e e o f t h e s
m a ll b u b b l e s i n t h e 11明 id s l u g

a h e
ad

o f t h e j b y l o r b u b b l e
.

I n g as
一

11明 i d s lu g

fl ow
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t h e r e

ar
e a Iar g e

un
n l b e r o f s m a l l b u b b le s

in 11卿i d s l u g s ,

w h ihC m o v e a t a ve l o e i t y l e s s

t h an t h e

aT y lo r b u b b l e v e l o e i t犷 T h e r e fo r e ,
t h e

叭y l o r b u b b le w i l l e a t e h u p a n d e o a l e s e e w it h

s o m
e s m a l l b u b b l e s ,

w h ie h i n e r e a s e s t h e t r a n s -

lat io n a l ve l o e i t y o f t h e

工砂 lo r b u b b l e
.

3
.

2 P o s i t i o n o f l b y lo r b u b b l e n o s e

从飞 a l s o o b s e r v e d t h e s t a b l e b u b b l e s h a P e

by m
e a n s o f t h e p r e s e

nt 即 p ar
a t u s

.

F ig
.

5

d e m o n s t r a t e s t h e s h aP
e s o f b u b b le s fo r t h r e e

k i n d s o f i n e l i n a t i o n a n g le s a t t h e s
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l iq u i d fl o w r a t e
.

oF
r a v e r t i e a l t u b e ,

t h e T a y lo r

b汕b l e 15 s y m m a t r i e al i n a x i s
.
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r t h e i n e l i n e d

t u b e , h
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e r l i n e
.
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( F ig s 6
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C o m p a r i s o n 15
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.
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l o e at
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.
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.
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e r im e
llt

a l
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·
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.
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.

T h e
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