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w here A 15 th e ero ss se eti o n
.

S in ee d en sity in fo n n ati
o n o n th e 0 11

,

w ate
r an d g as Phas e s 15 re ad ily av ai lab le fro m o th er Part

s o f th e Pro d u c tio n
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n t

Pers Pe x at In sti tu te o fM ee han ies ,
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w hi eh 15 a 4 0 m ho ri z o n tal g as
一
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曲 in n er di alllete r o f 5 0 rn no
.

Th
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M eas u r

eme
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一
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d iffe re n t fl o w Patt
e m s e an b e th e fl o w lo o P

.

n ts w e re Pe

rfo rm
ed u n d e r d iffe re n t ai r fl o w r a te s o f 0

.

5

叮d to th e Pro d u e ti o n s o f bub bly fl o w
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slu g fl o w
,

slu g
一 ehu m fl o w

,

fi o w s w
ere

se aled w ith an ac eu m u lati
n g tan k d uri n g th e e x pe ri m en ts to g e t w at er

m e an ti m e , a n u m b er o f Pho to g ra Phs w ere re e o rd e d as v isu al Pre sen tat io n s o f the se

,

4 m 场
,

一0m 狐 an d so m e less than

an d e hu rn fl o w re g im es
.

Th e w at er

fl o w ra te an d m e an v eloc ity
.

A t the

di ffe re n t fl o w Pat te rn s
.
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1 E R T H a r d w
are System

A p ZI叉X) ERT
syste m (玩du

stri al To mo 盯叩hy Sys

tem L td
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Man e he ste
r) w as u sed for d at a e o lle cti on

.

Th
e 5 0 一山ed

a
dj ac e n t e le e

tro d e pair
strat

e g y 【, , w as a d o

石te d
, u sin g a 15 m̂ inj e eti o n 。u

rre n t at 9
.

6 比
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D a ta c o llec ti o n

rate
s w e二
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6 k H z an d 16 m s pe
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4 川
2

.

B o th

sin g le
一

Plan e an d d u al
一

Plan e E R T s e n so rs w e re u s e d in 而
5 stu d y

.

E ac h E R T se n sin g Plan e e o n sists o f 16 ti tan iu m
一

al lo y

ree tan g u lar e lec tr o d e s (srn m 只 12
nun )

.

3
.

2 E R T Se留o r S et
·
u P

A sin g le
一

Plan e an d d u al
一

Plan e E R T sen so r o n e o n d u eti v e ri n g tee
hn iq u e w ere u se d in thi s stU dy

.

Th e d u al 一lan e E R T

sen sor 15 a eo re sen sin g te e
hn lq u e in th e e

xP
e ri m en t fo r im Plem en tat io n o f lo e al fl o w v e lo e ities in th e tw o 一

Phas e fl o w
.

Sinc
e
the

e u
rre n t data

eo llee ti o n sPe
ed w a s sti ll li而ted

,

w e set th e d istan e e betw e e n th e tw o sen sin g Plan es aP art
fu rth er to 5 9 0 m m

.

To im Pr o ve th e e o
rre lati

o n
, a d u al

一

Plan e m eas ure m en t str a te g y w as ap Plie d
,

w hi eh w as bul lt in the

仃5 P200 0 E R T sy ste m
.

Th
e Pri n eiPle o f th e d u al

一

Plan e str ateg y 15 bas e d o n a
‘
ero ss m eas ure m e n t b e tw e en tw o

eo rr elate d ele e
tro d e s o n tw o se n sin g Plan e s’

in ste ad o f
‘

Plan e by Plan e ’

m eas u re m e n t
.

SB P (se n siti v ity e o e ffi e ie n t

w ei ghte d bac k一roj
e ct io n ) alg ori tlll n w a s u sed fo r o n 一

lin
e fi o w Patt

em re e o g ni ti o n d u e to its fas t im ag e re e o n s
tru

etio n

sPee d
.

An
o
ff- li n e m u lti

一ste P al g ori thn l ,

如
o w n as SC G al g o ri thm (the

se n siti v ity the o re m b as ed in v

ers
e so lu tion

u sin g

g e n e
ral iz ed e o

nj
u g a te 脚d ie n ts m etho d s w ith a m eth o d o f err o r ve eto r d ee o m p o siti o n ) [4 ]

,

w a s u ti li z ed for 小e im a罗

re eo n strU
e ti o n in th e v elo c ity im Plem e n ta tio n in o rd er to re d u e e th e e

rro
r e au se d by the Po in t

一
sPre ad fu n e ti o n in th e u se

o f th e SB P al g ori thm
.

Th
e SC G al g o ri thm e m Plo y s a m ulti

一ste P aP Pro ae h w ith th e se n siti v ity th e

ore m bas e d li n ear

ap Pro x im a tio n
an d the di ffe re n ee s b e tw ee n the re lati

v e e han g e s in th e m e as u re d an d sim u lat ed b o u n dary
v o ltag

e s at

eac h steP to so lv e th e n o n
一

lin e ar elee tri e fi eld in v er se Pro blem
.

Al l im a g es u sed for lm Plem e n tatio n o f loC al v e

loc itie
s

in th e Pape r w ere re eo n s
trU eted w ith th e S CG al g o ri thlll

.

Th
e di m e n sio n o f th e sen sin g Plan e s in stal lati o n 15 g iv en in Fi gu re l

,

an d a Phot o gr a Ph o f th e set
一u P 15 sho

wn in

Fi gure 2.
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Pl an e m U n d

Fi g

H o t fi lm Pl an e l Pl an e 3

.

1 Sen sor e o n fi g uj ra ti o n

Fi g
.

2 Th e Pho to gr aPh o f th e s e n sor

3
.

3 Flo w Pa r 翻rn e te r C目cu la Uo n U sin g E R T

T lle 10 eal ax ial
Pro fi le s 侨7 2

v eloci ty e an b e o btai n ed by aP Plyin g the e ro ss一e o

rre lat io n tee
hn iq u e to de te n 刀 in e

the
spe ed o f m o v in g

th e 51而lari ti es

are m o st o bvi o u s
.

Th
ese sig n al s ean

io n te e
hn iq u e 15 to fi n d the tim e o ffs

e t b e tw ee n tw o sign al s

wh
e re

b e an y v al u e an d ar e n o t li而ted to q u an ti ta ti v e e o n d u eti vi ty d a ta
.

.

Th
e bas ie fu n eti o n o f th e ero ss一e o

rre lati o n te e
hn iq u e 15 to fi n d the tim e o ffs

e t b e tw ee n tw o sign al s

Th ls g o al 15 to fi n d a tr an siti o n ti m e 丁 th at e o

rre
sPo n d s to the ITil ni m u m di ffe re n e e (E )

.

T五15 ean b e ac hi e v ed by u sin g

th e le as t sq u

are
e ri teri o n as th e fo llo w in g eq u

ati
o n :

‘2砂‘”·‘
·

忽争]l
x (, )一 , (卜灼]

, dt

一T

wh 毗
x

,

y are th e
ori gin al sign als of v

oid fi . c
tio

n at ea ch 加吧阳g cro ss see tio n re s户戈tiv
ely

,

￡ is the ~ 俪cti o

gi ves th e n习 11siti on tjn 】e 公wh en the
ex Pre ssi on 加改e a

而ni m um v al ue.

(3 )

n w hi Ch

R eP lac in g th e in teg ralby P州ial su

mm ati on
, eq u ati o n (3 ) ean be ex Pre ssed in di se re te fo n n :

e
矛(n )

=

艺[x
‘

(m )
一 , *

(m
一 n

)]
, (4 )

用=0
w he re N 15 the

s

am Ple len

gth
, n 15 the

s

am Ple o
ffs

et n u m b er an d k 15 th e n u m ber to in di e

ate d iffe re n t Pix els o n th e ero ss -

see ti o n
.

In the eo m Pu tati o n ,

N sho u ld be se le eted ac eo r di n g to th e d istan
c e b etw ee n the d ual

一

Plan e E R T se n so rs an d the

m 祝m u m an d the 而n lm u m v e fo e ity o fth e fl o w
.

N 15 se le ete d am
o n g st 10()

一 70 0 (im a g e s) in t址5 stu d y
.

11 s
ho

u ld be n o te d th at eq
u
ati

o n (3 ) eo ul d be d ed u e ed to the fo llo w in g fo rm
:

_
,

, 、 . , ,

1 导
。

,
_
、 ,

_ 1 : .

￡一。 t匀 = mi
n

思于 JLx 气‘) 一 y L‘一习J 。‘

~ 一 T
(5 )

=
而

n li m 生
T 汁“ T f[

x (, )
, + , (; 一 : )

, 一 Z x (, ), (‘一。〕dt
一了

Th
e eq u iv al e n t fo rm o f th e a b o v e e q u ati o n 15 :

尺 =

max 丝m f
二(犷)

·

y(; 一劝山 (6)

一 T

o r ,

in a d isere te fo rm
o f a Part ial su m m ati o n :

凡(n)
=

工凡 (m )
·

y*

(m
一
n) (7 )

用‘O

翔
u a ti o n (6) an d (7 ) w e r e re c o g n ise d as short fo m ls o f eq u a ti o n (3) an d (4 ) an d hav e b een u tili sed in so m e ero ss

e o
rre la ti o n eal e u lati

o n
.

Ho w e ve r, w e fo un d th a t in o btal n in g th e v e loc ity Pro fi le s o f a m u ltiP has e fl o w fro m E R T

im ag in g d a ta
,

eq
u ati on (3 ) or (4 ) sho u ld b e u se d to a v o id lar g er

erro
rs bee au se o f o n

ly
a fi n ite in teg ra l ran g e be in g

aPPlied
o th er th an an In fi n lte in te乎.al ran g e in eq u

ati o n (3 )
.

Fu川 le
rm o re

,

it 15 n o t al w ay s

tru
e th at in a Prac ti eal

co rre lati o n ,

th e in to 『al o f 夕(r一劝2 o v er th e

ran g e m ai n
面n s u n e han g ed

.

W
e thu

s p ro
po

se d ir e Ctiy 叩p lyin g eq u
ati

o n (3 )
o r its di s

cre
te fo rm (4 )to c arry o u t e ro ss一e o

rre lat io n w hen n eed ed as we d id in th e stu dy
.
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.
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c ted by usin g S B P a lg o rithm
.
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一
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一
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.
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3 re su lte d fr o m E R T re eo n slru etio n
,

C h u rn fl o w (su Perfi e ia lw at e r v e lo e ity : 0
.

48 4 fn/ s , s u Pe rfi eia la ir v e lo e ity : 1
.

4 15 m/
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Fig
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3 Flo w Patt e m s v s
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4
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o
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.

T he eo
rre 一a tio n be

tw
e en

tw
o im ag e s

tak en fr o m d iffe
re n t Po sitio n s 15 o b v io u sly

.
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一
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; {
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; .
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—
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乙

(n*
一 l

)/ Fs
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,

凡 15 th e s
am plin g fr eq u en c y

·
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一
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一
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atio n at

so m e c o
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一S en sin g rin g s
.
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eo
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fo r a b u bb ly fl o w
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a slug fi o w a n d a ehu m fl o w
.
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Fi g
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5 C
orre

lati o n Phas e v e lo e ity d i stri b u ti o n s at d iffe re n t fi o w Pa tte rn s

5
.

D ISC U SS I O N S A N D C O N C L U S IO N S

R Om th e m ai n re s u lts o f Fl g u re s 3
,

4 an d s
, so m e u s e fu l in fo rm

a tio n an d in te re s tin g Phe n o m e n a e an b e fo u n d fo r b o th

g as
一

llqui d tw o
一

phas e fl o w an d ERT te e hn iq u e
, viz

.

:

Fir s t
,

the E R T te e hn iq u e 15 a s u itab le m e an s fo r d e te e ti n g th e fl o w Patt e rn s o f g as
一

liq u id m u ltiPhas e fi o w
.

W ith a
fas t

d ata
e o ll e e ti n g Pro toc o l an d an e

ffe
e ti ve ite r a tlv e im ag e re e o n s

trU
e ti o n al g o ri thm

,

g as
一

Phas e an d liq u id
一

Ph as e

di stri bu tio n an d th e ir dyn 别叭 ie v
ari ati

o n s in the Pipe e an b e e le arl y qu an ti fi e d (Fi gure 3 )
.

S e e on d ly
,

th e ti m e o f e ro s s一e o rr e lati
o n e an re v e al th e ve lo e ity m ag n itu d e o f th e in te d浪c e o f th e g as

一

Phas e an d liq u id
-

Phas e
.

Th
e

cro
ss 一e o

rre la ti o n ti m e in te rv al o f b u bbly fl o w 15 lo n g e r than th a t o f slu g fl o w
,

an d m u e h lo n g e r than tha t o f
e h山泊 flo w (Fig u re 4 )

.

Base d o n th e tim e in te rV al (E R T d at a fr am
e s )

,

th e m e an v e

loc ity o f g as
一

li q u id tw o 一

Ph as e c an b e

e stlm ate d
.

Th i s m ay b e im Po rt a n t in th e o n 一s itu m o n ito r o f in d u s tri al Pr o c e s s e s
.

n 亩d ly
,

th e d e gr e e o f th e c ro s s
一e o rr e lat io n o f th e fl o w stat e in e re as e s w ith th e in e re as e o f g as fl o w ra te (Fig u re 4 )

.

Th is

e an al s o b e Pr o v en duri
n g th e er o s s 一e

orr
e lat ion Pr o e e d ur e

.

In slu g o r e hu m fl o w
,

th e e ro s s 一e o
rre lat io n g r aPhi e s e an b e

o btai
n e d o n m o re Pix e ls th an th at in b u b bly fl o w

.

Fo
u rt hly

,

it 15 am az in g th at w e e an a lm o s t o b tai n th e Phas e d istri b u ti o n o n th e e ro s s 一 sec ti o n fro m th e v e lo e ity

di stri b uti o n (Fig u re s)
.

In slu g fl o w
,

an Ob
v io u s lar g e g as b ub b le lo e a te s o n th e to P o f th e PIPe

.

B as ed o n th e v al u e s o f
v e lo e iti e s (th e lo w e r Part

o f v e lo e ity 15 g as
一

Phas e ,

an d hi g h e r Part 15 th e li q u id
一

Phas e )
,

w e e an e s ti m a te th e a v e r a g e

v e lo e iti e s an d Phas e d istri b u ti o n o f b o th
一

Phas e s
.

W hy w e e an o b tai n th e in fo rm at io n o f liq u id
一

Phas e 5 0 o bv io u sly an d
e o n 茂‘ti y by e ro s s 一e o rr e lati o n ? W

e
thi

n k it 15 d u e to the ve loc ity o f g as
一

Phas e 15 lo w er th an th e v e lo e ity o f li q u id
一

Ph as e

for th e e ffe
e t o f 衍e ti o n

,

m ay b e s o m e fi n e g a s b u bble s 而
x e d in th e liq u id an d the ir v e loc iti e s are

a PPro x im ate ly the

s

am e as th e liq u id
,

an d E R T e an d e te e t th e ir in fo rm ati
o n (e o n d u e ti v ity) an d gi

ve s th e fe a ture o f liq u id
一

Phas e d u ri n g the

Cr0 SS
一

co rr e lati
o n

.

L as tly
,

bas e d o n th e d at a o f v e lo e ity d istri b u ti on an d Phas e d istri b u ti o n fro m E R T re e o n s tru c tio n d ata an d c ro s s -

c o rre lati o n data
,

it 15 Pro 而
s in g to o b tai n th e fl o

wr
a te s o f b o th Ph as e s

.
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M e as ure m e n ts o f th e C o n e e n tr at io n an d V e lo e ity D istri b u ti o n in M ise ible Liq u id M ix in g

Usin g E le e tri e al R e s istan
e e T om o gr aP hy
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