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In rec
e n t ye

ars
,
eo n sid er able re se

arc h has bee n e o n d u ete d in to th e d e v elo Pm en t o f a thj re e 一

Phas e fl o

wm
e to r su itab le for

u se in an o ffs ho re e n v

iro nm
en t

,

an d of l/g as lw ate
r t加t e 一

Phas e m eteri n g bee o m es an im Po比均t as pe et in m ul tiPhas e fl o w

m eas ure m en t
.

了hjs Pa Per d ise u sse s th e im PO rt an e e o f thJ限e一Phas e fl o w m eas ~
e n t in o

ffs ho re 0 11 in d u s
try

,

d e s
cri b e s

th e c u

rre
n t d e v e lop m en t in 而

5

are
a ,

an d po in ts on t th e Pri n eiPal str ate g ies w hi eh m ay b e u sed to m ete r

thr
ee 一

Phas e

fi o w
.

K e ywo
rds : m u ltiPhas e fl o w m e as ure m en t

, o iljw ate rlg as m ete ri n g
, o
ffs hore

0 11 in d u s
try

1
.

刃呵T R O D U CT IO N

M u ltiPh as e fl o w m eas u re m e n t 15 a te rm that has bee n in ere as in g ly hard sin e e ab o u t 19 8 0 am
o n g st o pe ra to rs in 0 11

e o m Pani
es an d d e sig n e r s o f o ilfi e ld fac ili ti es

.

Th
ey saw a n ee d to sim Plify th e d esign an d im Pro v e the e o n tro l o f

Pro d u eti on fac ili ti es
.

Th
e y eo n sid er ed th at

,

un le ss m u lti Phas e m eas ure m en t tee ho iq u e s w ere lm Pro v
ed

,

it w o u ld be
v irt u al ly im po

ss ib le to kn
o w w hat w as hap Pen in g in th e ad van e ed su b se a system s o r o n th e u

nm ann
e d s

ate lli te

Platfo rm
s th a t w e re b ein g Plan n ed

.

In ad d iti o n the y e o u ld n o t se e ho w fu tu re en han ee d 0 11 re e o v ery syste m s e o uld b e

o Per ate d e
ffe

e ti v ely w ith o u t
the

se m eas ure m e n ts
.

Th ere fo r e ,

th e d e v elo Pm en t o f m u lti Phas e m e te ri n g syste m s w hi eh e li m in at e th e n ee d for
seP ar a to rs an d te st li n e s h as

a ttr ac te d m u eh att en ti o n in 0 11 in d u s
try

, e sPe e ial ly in o
ffs ho re e n v

iro nm
e n t

.

It 15 an e m e

rgi
n g to e

hn
o lo g y w hi eh o

ffe
r s

th e
po ten tial fo r m aj or re d u eti o n o f eap ital

e o st as w e ll as to im Pro v e an d op tiln lz e fi o w m an ag em e n t an d Pro d u e tio n

o
pe

r ati o n d u e to ac e ur at e re al
一

ti m e in
一 sito data

.

Th
e de m an d s o n m u lti Phas e m e as ure m e n t syste m s

are
v ery hi g h

.

Fo r e x 印rn Ple
,

th e m eter m u st ac e u ra te ly m eas ure in al l

fi o w re g im e s an d it sho uld n o t be af 介c

ted by ehan ge s in fl u id Pro pe rt ies like de n sity an d d ie le etri e Pro Peni e s
·

M o re o v er
,

th ere 15 a n ee d fo r n o n
一

in trU
sive

me te rin g syste m s an d a ro b u st d e sig n w hi e h al so w o

rks in hars h

en v

iro nm
en ts

.

Ide al ly su eh an in stru m e n t n e ed s to b e re as o n ab ly ac e u ra te (ty Pieall y 幼 % o f r ate fo r e ac h Phas e)
, n o n -

in trU siv e
,

re li ab le
,

fl o w r eg im e in d epe n d e n t
,

an d sul tab le fo r u se o v er th e fu ll eo m Po n e n t fr ac ti o n

ran g e
.

In sPite o f th e

lar g e n u m be r o f so lu tio n s th at hav e b e e n Pro
po

sed in re ee n t ye
ars

, n o eo ln r n

erc ial ly a v
ail ab le thr ee 一

Phas e fl o

wm
eter yet

me
e ts al l th e se req u

ire m en ts
,

al th o u g h so m e

are
n o w v e ry e lo se

.

A s re all
sti e m u lti Phas e m e teri ng

so lu ti o n s

are b ein g d ev elo pe d to m ee t e

~
n t n e ed s , so m e n ew an d m o邝 di ffi eu lt

比g ets are be in g Pro po
s
ed in the o

ffs ho re 0 11 in du
s
try

.

Fo
r in s

tan
ee ,

in ad di ti o n to the
e
on ti n u ed n e ed fo r tr a d lti o n al

to Pside thj re e 一

Phas e fl o

wtn
e te rs ,

d e ve loP m ent s in re serv o ir m an ag em
e n t an d Pr

od uc ti o n tee ho iq u es hav e re su lte d in the

re q u
ire m en t fo r thJ弋e一has e fl o

wm
ete rs w hi e h ean b e u s

ed at th e se a bed an d in d o w n ho le m e to ri n g aP Pli e
ati

o n s
.

T 恤e e -

Phase fl o w m e as ure m en t th ere fo r e re m ai n s a Pro blem
,

an d n o t su rp ri sin g ly
,

m an y m e th od
s

are tri e d to b e u sed to

h阴d le th1s iS Su C
.

T七15 PaPe r d ise usse s w hy 廿ir e e一Phas e fl o w m eas ure m en t 15 im po
r ta n t an d w hy it has Pro ved s u eh a di ffi e u lt Pro ble m to

so lv e , o u th n e s m e as u re m en t str ategi
es fo r m u ltiPhas e fi o w s an d in tro d u c e s th e m eth o d o ft

om
o g raP hi e tee hn iq u e to the

Pro blem o f廿ir e e 一

Phas e fi o w m eas ure m en t
.

2
.

T H R E E
·

PH A SE M E T E R IN G A PPL ICA T IO N IN O FFSH O R E 0 1L PR O D U C T IO N

O w in g to the ad
v e rse en v

iro nm en ts an d 11m ite d o pe r atlo n sP ac e , o
ffs ho re o i1 Pr

od
ue ti o n 15 r ather ke e n o n m u lti Phas e

m eteri力9 tec hn o log y to s加Pli fy th e d esign an d ll 刀Pro ve th e e o n
tro l o f Pr o d u eti on fac ili ti es

.

Th ere 毋
se ver a】

aPPli eati
o n s in o

ffs ho re 0 11 Pr
od

u eti o n

for m u ltiPhas e m eterin g
,

w ith e ac h aPPli e
ati

o n

I’eq
u iri n g di ffe re n t s

tan d ar ds o f

ac eu rac y in eo m Pon
en ts fr ac ti o n o r m as s

fio w ra te m e as ure m e n t
.

2
.

1 R ese
r v o ir M a n a g er oe咐

In o rd er to o Pti n 五z e

the Pr
od

u eti o n an d life tim e o f an o il fi eld
,

it is n e e ess

ary to m o n ito r th e o u tP u t o f e ac h w e ll at

re g u lar in te rV al s
.

Th
e m e as ure m en t so u g ht 15 th e

am
o u n t o f w at er th at th e w ell15 Pro d u e in g

.

In c o n v e n ti o n al Pla tfo rm
-

bas e d Pr
od

ue ti o n ,

th e m u lti Phas e fl o w Pr
od

u ee d 加m a w e ll 15 e o llee

ted in a larg
e sePar at or tan k

,

an d the fl u id al lo w ed

to sePar at e in to its eo n sti tU en t eo m Po n en ts
.

Th
e fi o w r ate o f eac h eo m Po n en t ean the

n b e m eas ure d u sin g e o n v e n ti o n al
sin gl e夕h as e fl o w m eas ure m e n t te e hn lque s

.

Th
u s , a te st seP o tor 15 re q u

此d to 而ti al ly seP ara
te th e 0 11

,

w a ter an d g as
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15 e x Pen sive an d tak e s

uP
val u ab le Plat fo rm

sPac e
,

In a dd iti o n ,

the o u tP u t
fro m e ac h w ell m u st b e in d iv id u al ly d iv ert ed

in to th e sePar at o r (fi g
ure

1
.

a)
.

if a m u lti Ph ase fl o w m e te r 15 in s tal led o n e ac h w e ll
,

all the te st sePar a to r an d di v

ers io n

li n e e
an b e e an e elled

,

an d thi s ean sav e a lo t o f e x pe n d itu re an d Plat fo rm
sPa ee (fi g u re l

.

b)
.
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1 (a)W ell te s ti n g wi th te st sePar a to r Fig
.

l (b )W ellte s ti n g wi th o n 一

lin e m u ltiPhas e fi o w m e te r

It h as be en e s tim at ed th a t m o re th an 5 0% o f the w o ri d
, 5 0 11 an d g as re serv es

are lo eat e d in w ate r d e Pth s g re at er th an
l0( 刃m (儿

n g
,

19 9 0 )
.

R o d u e tio n

fro m d ee P sea m ar g ln al fi eld s re q u
ire s a r ad leal ly di ffe re n t ap Pro a eh to e o n v en ti o n al

Pr
od

ue ti o n

fro m sh al lo w se a fi e ld s to b e e eo n o
而

e
all y v iab le

.

To fac ili tat e d e v elOP m en t o f th o se re so u re e s ,

the u se o f
ex Pe n sive fi x e d Platfo rm

s fo r e a eh fi eld 15 be in g Phased o u t an d sm al ler s

ate ili te fi eld s d ev e lo Ped (Fi g u re Z)
.

Th
e

m u ltiPhas e fl o w fr o m e a e h w e ll in a sate lll te fi e ld 15 c o llee ted at a m 田吐fo ld an d tr allspo 比刃 vi a a e o

nun
o n Pipe li n e to a

e en tr al Pr
od

u e tio n Plat fo rm w ith shar ed
sePaJ 旧tio n an d Proc e ssin g fa eili ti es

.

In
sa te lilte w e ll b as ed fi e ld s , su bs e a

m u ltiPhas e m e te rs are
v ery d e sir ab le an d

Peth ap s th e o n ly v iab le o Ptio n fo r w e ll

te sti n g
.

A su b se a m u ltiPhas e fl o w m e te r

sho u ld b e ab le to m eas u re w ate r e u t to

凹
IO T

ac euj ra c y o f at leas t朽% to b e u sefu l

re se rv o ir m an a g em e n t Pu rp o s e s
.

2
.

2 A l】o ca U o n a n d Fisca lM e te ri n g

Fig
.

2 以1 fi e ld b a se d o n sat ellite w e llProd ucti o n

In ad d lti o n to w e ll te sti n g fo r re serv o ir

m an ag em e n t
,

th ere ar e tw o o th er

ap Plic ati
o n s w he re m u lti Phas e flo w

m ete rs wi ll re Plac e th e eu

rre
n t m e te ri n g

m eth od
s b as ed

o n sePara
tio n

.

A s w ith

w e ll te sti n g
,

in sat e lli te w e ll bas e d

Pro d u etio n th e u se o f m u ltiPhas e

fl o w r以e te rs in th e se ap Pli e atio n s w ill

bri n g sig n ifi e an t b en e fi ts an d m ay b e eru e ial in th e e x Plo ltatio n o f n e w d iseo ve ri e s
.

In fac
t

,

th e eo st o f Pro d u e ti o n u sin g

su bsea m u ltiPha se fl o w m ete r s c o m Pare d to th at o f u sin g c o n ve n tio n al sePar ato r bas e d tee
hn

o lo g y in al l as Pee ts o f

sat e ili te w e ll m ete ri n g has b ee n estim at ed to b e

aro
u n d 5 0 %

.

T he ap Pli e
ati

o n s
kn

o

wn as al lo e ati o n m eteri n g an d fi se al

m e te ri n g re q u
ire hi g he r stan d ar d s o f ac eu r aey to th at fo r w e llte stin g

.

In di v idual
sat ellite w ells in a fi eld m ay b e o w n ed an d o

pe
r ated by d iffe re n t c o m Pani

e s
.

W he n a e o

nun
o n PIPeli n e 15

u sed to tr an sP o rt fl u id s to a Pr o ee ssin g fac ili ty
,

m ete ri n g 15 re q u

ire d to al loc ate th e 0 11 o n e e it has ar rive d
.

C o n v en ti o n al ly
,

fl u id s

fro m eac h w e llare d ive rt ed in to a te st se Par ato r b e fo re en te ri n g th e e o m m o n PIPe
.

T h is Proc
e ss

re q u
ire

s a te st PIPeli n e fo r eac h w ell
,

in a d d ltio n to th e dr a w b a eks m en tio n ed ab o ve in re lat io n to te st se Para
to rs

.

T七e

g en e ral ly ac ee Pte d ac e u

rac y re q u
ire m en t fo r 0 11 an d w ate

r m as s fi o w ra te s in all o eati
o n m eteri

n g 15 in th e ran g e o f

士2 ~ 5%
.

M eas ure m en ts o f the q u an tity o f 01 1 e x P0 rt ed fr om
a fi el d are

re q u ir ed by g ov
er n rn e n t ag en eies

for tax at io n an d e o ntro l

Pu rp o se s , a Pro e e ss
kn

o w n a s fi seal m e te ri n g
.

Fi seal m ete ri n g re q u
ire

s a m o re stri n g en t ae e u r ae y in 0 11 an d w ate r m as s

fl o w rat e m e as u re m en t th an th e aP Pli c at ion s d iseu ssed Pre v io u sly
,

w ith a ac eePted ran g e o f却
.

2 5一 1%
.

Th
e s

tan dard
s o f

ae e

urac
y re q u ir e d fo r fi se al m e teri

n g are w id e ly eo n sid e re d an im Po ssib le tar g et fo r a d ir e e 一Phas e fl o w m e te r
.

3
。

C O N C E P r O F O IL八刀A T E F以G A S T H R E E
·

PH A SE M E T E R IN G

3
.

1 0 1护W a terl G as T hre e
·

Phas e R o w Pr o Per ty
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H an g zh o u
,

Chin
a

Th
e big g est o b s

taC le to
the

su ee essfu lim Plem e n

tati on
o f m u ltiP hase m ete ri n g 15 th e g en e ral lac k o f u n d ers tan d in g o f

wh
at it 15 abo u t

.

It 15 di ffi e u lt to ex Plain
s
加Ply w hy m u lti曲as e m e te ri n g 15 50 c o m Plex

.

V幼 o u s w ay s ha ve been
Pro po

sed to sho w ho w th e m u lti Ph as e fl o w e har aCteri sti e s o f a w ell or a fi e ld e han g e w ith tim e ,

阳d to sho w the
o pe ra ti n g en v e lo pe s o fmu ltiPhas e

me
te rs

.

A s w e kn o w
,

in g as 月iq uid Pipe lin e fl o w s
,

th e tw卜Ph as e w ill ad op t v
ari

o u s
dy n an lic g eo m etri e e o n fi g u

rat io n s , o r fl o w

reg 加
es

.

T h e m ajor fl o w re g加
e s fo u n d in ho ri z o n tal Pipe

s

are b u bbly fi o w
,

Plu g fi o w
, str atlfi ed fi o w

,

w a
Vy fl o w

,
slu g

fi o w
,

ann
u lar fi o w an d 而st fi o w : w hil

e in v e rti e al g斑刃iq ul d u p
一

fl o w in a Pipe
o f c ir c u lar ero ss

一
seeti o n

are b u bbly fl o w
,

slu g fl o w
, ehum fl o w an d an n u lar fl o w

.

In 0 1瑰创扩w at er d ir ee Phas e fi o w s , o w ing to the Pre
se n ee o f di ffe re n t liq u id

Phas es
,

e x tr a c o m Ple劝ty to th e fl o w Patt em
w ill in tr od

u e
ed d epe n di n g o n

the d e

gre
e o f

而
x in g o f th e eo m po n en ts eo m Pa ri n g to th at

o f g斑刃lqul d tw o- Phase flo w s
.

In a w e ll

d e ve 10 Pe d 0 1咖ate rlg as m u lti Phase flo w
,

the
0 11 an d w at er m ay be be e o m e seP ar at e d an d

fl o w as di st in ct Ph as es
.

U n d er e ert ai n

e
on di ti on o f 0 11 an d w ater fl o w r ates

,

th e 0 11

an d w a te r m ay b e w e ll em u lsifi e d an d the 0 11

an d w ater ean b e e o ns id e

red
’

as a sin g le liq u id

Phas e in ten 刀 o f fl o w re g lm e an d fl o w

v eloc ity
.

W
e e an u se a tri an g le p r o

po
se d by

J田1lles
on to di sPlay Pro pe rti es o f 0 11

,

w ate
r,

g as thr ee eo m Po n e ni n五x tu re s (Fi g
·

3)
·

In U五5 fi g 切限
,

the
ve币ce s o f the tri an g le

化pre se n t sin g le 一h次姆 g as
, 。11 an d w at e r,

the
tll众姆 sid es o f the tri an g le re Prese

n t 。刃任p加” e

n ljx ture s an d an y po in t w ith in th e tri an g le

~ . 洲冷 娜口写 争口乌 娜。飞 ‘。荡 ‘口、 . 0 % 护奋恢 泊生

二
, . “ 化p n 治en ts

加川Siti 0 D

a

画que th 代笼
~

phase m 众tu re

regi on in di o at es wh ere the

.

Th e

liqul d

F!G
.

3 朋 U LT IP HA S E CO M P OS ITI O N T R !A N G LE

C

默群
,

日
C

戳爵
,

日
C

豁粼
卜叱姗 . r 口】1颐t 护台粗口了甘川翻 ! L~ 」民怕田 J 创的臼, t

份凡几、乍、
江谈尸丫

丫d 妞】I山1口Fb 盯口抽

么匆挤两瀚悦怕 从

Fi g
.

4 Th re e 一Phas e fl o

wra
te m eas ure m e n t

丘解6加
c han g e s fi D m w 副比r .

in 刃11 to oi 卜in
一

w a仪汀
.

T he 片In g es of o o n u n o n m ul tiPhase no w re g n n es
,

w hi eh are
a伟戈囚 by tem pe ra tu re

,

p re s s

眠
,

vi sco
sity an d flow

一

lin
e o ri en 栩Lti o n ,

are in di Ca ted at th e sid e o f

the tri an gle.
M o st o f th e w o rk o v er th e las t tw

o
de

e ad es has eo n e e n tr a te d

o n d ev e lOP in g tw
o 一

Phas e m ete rs i
.

e
.

0 1瑰as
.

N e w ad van ee s

in m eas 如
n g th re e币has e fl o w all o w u s to ope ra te o v er a

lar g e r fr a c ti o n o f th e tri an g le
.

11 15 e as y to u se

the tri an g le to sho w w hy m ulti Phas e

m ete ri n g 15 5 0 c om Plex
.

If w e ha v e di ffi eu lty wi th th e sin g le

Phas e s ,

w hi ch are
50

ob vi o u sly di fl七re n t fr o m eac h o th e r ,

w e e an e
xP ec t m e as眼me

n t to be at le as t as di ffi e u lt fo r an y

m u ltiPhas e c o m Po siti o n in the tri an g le
.

W e ha ve to a d d to

th at th e eo m PI树
ty fro m th e fl o w re gi m e s

.

Flo w re g im e

m ap
s hav e b ee n

de te rr ni n
ed by su

bjec ti v e o b se rv a ti o n in

lab o ra to ry te st
一

loo Ps , a lm o st al w ay s fo r tw o 一

Phas e
而

x tu re s ,

say 0 11
一

g as or w at er- g as
.

Th
e se m aP s v a ry fo r tem Per atu re

,

Pre ss

ure
, v isc o sity

,

an d PIPe o ri en ta tlo n
.

Th
ere ha v e b e e n

o ul y a fe w att em Pts to m ak e thr ee Phas e fl o w re g im e m aP s ,

朋d the se

are
v e ry e o m Ple x

.

T h is me an s th at it 15 n o t Pn ‘ti eal to Pred iet th e Pe

rfo rm an c e

o f m u ltiPhase m e te rs fro m fi r st Pri nc iPle s an d that d etai 】e d em P试eal te sti n g wi ll b e n e ed ed
.

O bvi o u sly
,

th e hi g her the

Pe d b n n an ee de m an d ed fro m th e m ete r,

th e b e
tte

r th e te st
faC illti es n ee d to be

.

In tim e ,

w he n en o u g h a PPli e
ati o n s ha v e

been ex aj m in ed w e sho u ld be a ble to see g en e ral iti es ,

b u t for th e n ex t fe w y e别rs a t le as t eaeh aPPll e a石on wi ll n e ed to b e

廿eat ed o n it s o w n m eri ts
.

3. 2 M
u】廿帅ase n o , T a te Meas

u re刃口en t

Th
e Pri m a ry in fo rm ati

o n r eq u
此d 加m th e u ser o f a th re e一Phas e fi o w m ete

r 15 the m as s fl o 认t ate o f th e 0 11
,

w at er an d

g as co m Po n en ts in the flo w
.

An ld eal fio wme ter w o u ld m ak e in de pe
n d e n t d li℃ et

me as ure m en ts o f e ac h o f th e se

q u an titi e s
.

U n fo rt u n
ate ly

,

d ir ec t m as s fl o w m eters for
u se wi th tw o

一

Phas e fio w s
are

r别陷 an d do n ot ex ist at all fo r u se

w ith tbr ee
一

Phas e fl o w s
.

Th
e al tem ati

ve to d五℃c t m as s fl o w m eas

urem
en t 15 to u se an in fe re n tial m eth od

.

An in fe re n ti al
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朴
e

4th In
tem

a ti o n al Sy功po
siu m o n M eas

urem
e n ‘T ec

ho iq u es fo r M u】ti phas
e Fl o w s s印t

·

10
一

1 2
,

2以〕4
,

H an gz ho u ,

chin
a

m as s m eth od re q u

ire
s b o th th e in s

tan
tan e o u s v e lo e ity an d e ro ss

一 se etio n al fra
etio n o f eac h Phas e to b e

kn
o w n in o rd e r to

c al Cu la te th e in d iv idu al c o m Po n en t m as s fl o
wr at es an d to tal 而

x tu re m as s fl o w r ate M (Fi gure 4 )
.

Sin c e d en sity in fo m l
ati

o n
on th e 0 11

,

w ate r an d g as Phas es (P
。 ,

Pw an d P, ) 15 re adi ly av ai lab le fro m o th e r PartS
o f the

p r o duc ti on Pro Ce ss ,

th e Pro ble m 15 there fo r e to m e as ure th e 0 11
,

w ate
r an d g as v elo e ity (vo

,

vw an d vg ) an d Phase
丘朗tio n s (a

,

p an d y)
:

M = aV
, 户: + 户

*
夕, + 沙

。

几 (1)

T七u s

the m u hi phas e
flo wr ate m e as u

rem
en t 15 to m eas ur e the

flo w rat e s o f eac h c o m pon en tav
:
夕: ,

脚
,
户

,

an d 巩几 an d

ob 面D M
.

4
.

M[U L T IPH A SE FLO W M E A SU R E ME N T ST R A T E G IE S

M u】tiPhas e fl o 叭丁a te m eas ure m en t stra te gi e s sho u ld b e 加改e n ac e o rd in g to eq u ati o n (l)
.

Fro m th e eq u
ati

o n ,

w e e an see th at

if w e ean ho m og
eul ze th e m u ltiPhas e 1lljx tu re as a sin g le Phas e eo m Po n en t

,

w e ean ob 面n th e m u ltiPhas e
flO

叭厅. te by

me as u n n g th e v eloc ity an d den sity o f the ho m o g eni zed 而
x tu r e ; ifwe

seP ar a te th e m u lti Phas e
而

x tu re in to sin g le Phas es
,

th en we
e an o b面

n

the m u lti Ph as e fi o

wra
te by aPPlyin g m at ure

sin g le Ph as e fi o 叭了a te m eas u ri n g m eth od s
, o th ep 刃ise we

mu
st m e as ure th e

oll
,

w ate
r an d g as v eloc ity (vo

,

vw an d vg )an d Phas e

fra
eti o n s(氏 p an d Y) to o b tai n th e total fi o 叭理Z te

.

4
.

1 S ePar a ti o n B as e d M u l廿Phas e M ete ri ng
T h is 15 a tr ad iti o n al m e th o d to d eal w ith m u ltiPhas e fl o w : a te st sePar a to r eo m bin ed w ith its in s

trU m e n tati
o n in fa et

匆n 刀5 a m u ltiPh as e fl o

wm
eter

.

In thi
s tyPe ,

the m u ltiPh as e fl o w m eas ure m e n t syste m 15 fo rm
e d by o n e o r m o re a

seP ar ato r s an d thr e e sin g le Pha se fl o w m eter s
.

O w in g to th e h u g e s ePara ti o n syste m
,
thi s m eth o d 15 n o t use d in o n sho re

0 11 fi elds
, say n o

thi
n g o f o

ffs ho re e as es
.

Th
e re fo re

, a e o m Pac t Pa rt ial

⋯
巨襄到

’

s印ara ti o n syste m 15 d e ve lo p e d to 讲rfo rm
a ro u g h s epar ati

o n o f th e

址遇鱼
匕

霍
厂

欠

w ell fl o w in to li q u id an d g as s
tre am

s w hi e h are th en m ete re d

m ete r s th at ean to le rat e sm al lam
o u n ts o f th e o the r Phas e

.

Th
e

u sin g

liq ul d�匕O婆困�

R D W
以】M】打IO NE曰

侧军军三资口

R 〔
C( 洲M !Ne L!卜心

翻叹洲NT

U以」ID
+

G胎 伽
几失 必% , n v。{,

。)

MLL别夕卜翻峨策
.M幻闪

.

的至斗5一毖

Fi g
·

S P出ti ai SeP ar ati o n

mu lti p hase fi o w m e te r

m u st b e fo rt h e r sPlit u P in to 0 11 an d w a te r
.

A n e x

am Ple o f thi s ty Pe o f
sy s te m w hi e h has b e e n de v e l叩

e d by T e e lin o m are S
.

p
.

A {111 15 sh o w n sn

Fi gure 5
.

In 而
5 fl o w m e te r ,

th e 0 11
一

w a te r- g as m ix tu re 15 s e Para te d in to

tw o s tr e

am
s , o n e m ai n ly gas an d o n e m ai n ly li q u id u s in g a g as

一

liq ul d
se Par a to r

.

A lth o u g h thi s sys te m has b e e n re Po rt e d to b e te s te d in s o m e

to Ps id e an d s u b s e a e as e s ,

it 15 s ti ll n o t an id e al m e as ure m e n t m e an s in

o ffsho re e irc u m s tan c e fo r its e o m Ple x ity lay o u t
.

4
.

2 H o

mo ge ul za ti o n B as e d M u lti Phas e M e te ri n g

Th
e m ax im um d iffi e u lt in thr e e 一Phas e m e te ri n g 15 s ix vari ab le s m u s t b e

id e n tifi e d : thr e e v e lo e iti e s an d thr e e fr a e ti o n s
.

If o n ly o n e v e loc ity an d

o n e d e n s ity are
n e e d e d m e as uri n g in s te ad o f th re e v e loc iti e s an d 廿ir e e

fra
e ti o n s ,

th e situ at io n w ill b e m u e h s im Pli fi ed
.

Th
u s th e e o n e e Pt o f

ho mo g e ni zati o n bas e d m ul ti Phase fi o w me as u re me
n t 15 Pr0 P0 s

ed
w h e re in th e fl o w 15 e o n d iti o n e d 5 0 th at th e Phas e ve lo e iti e s

are
5 1而lar an d a ho m o g e ni ze d d e n s ity o f th e m u lti Phas e

而
x tu re 15 tak e n to e al e u lat e th e fl o w ra te

.

In o rd e r to o b面
n th e fl o w rat

e o f e ac h Phas e , t加旧 e e o m Po n e n t fr a e ti o n s an d a

n 云x tu re v e ]o e ity n e e d m e as u ri n g
.

In re e e n t y e
ars

,

m an y te c
ho

o lo g i e s hav e b e e n u ti liz e d to m e as ure fr a c ti o n s an d
ve lo e ity

·

4. 2
.

1 C o m Po ne n t Fra c ti o n M e as u r e

me
n t

Se V e ral te e
hn o lo g ie s hav e b e e n u s e d to m e a su r e th e fr a c ti o n al e o m Po n e n t o f th e m u lti Ph as e s tr e

am Pro d u e e d fro m an
0 11 re s

erv
o irs

,

w ith v

ary in g le v e ls o f s u e e e ss
.

Th
e m o s t e o r n幻。o n ly u s e d aPPro ac he s

are 丫 ra y att e n u at io n , e le e tri e al

e aP ac itan
e e , o r e le e tri e al im Pe dan c e

.

Th e 丫r ay att e n u
ati

o n e o e ffi e ie n t林(习 in an o iFw a te rlg as 而
x tu re fl o w e an b e

reP re se n te d by

产(E ) =
邵 (E )

口 +
粼 (E )

, + 解 (E )
:

(2 )

w he re 林间
。 ,

林(习 w an d 林(习:

are th e ll n e ar a
tte

n u
ati

o n e o e ffi e ie n ts o f the 0 11
,

w ate
r an d g as ,

an d a
,

p
,

丫are the

re spe e ti v e v o lu m e
fra

e ti o n s
.

Th
e tr an s

而tt e d in te n s ity 1 tt ir o u g h a th ie kn
e s s r o f a o il/ w at e

rlg as Ini
x tu re

fro m the

ori gin al in te n sity 10 15 th e r e fo re :

I = I 。 e x p [一(即( E )
。 +
伽(E )

, + 辉 (E )
:

If th e tr a n s
而tt e d fl ux 11 an d 12 a t tw o e n e rg ie s E 一an d 场

五n e ar att e n u
ati o n e o e ffi e ie n ts o f the fl o w n ts at E I

15 m e as ure d
,

th e

明d 几 are kn
o w n

)门 (3 )

vo lu m e fr ac ti o n s e an be e al e u la te d if th e

Sl n Ce
一

脚 (￡; )
口

+
如 (￡; )

, + 辉 (百, )
:

」
,

一

[a# ( : 2 )
口 +
加 ( : 2 )

, + 解 ( : 2 ) ,

】
,

矛J
n

In (2 1 2 。)
2 = (4 )

“ + 刀+ Z =

i
·

e
.

也e r e are 廿甘e e e qu ati on s w ith thr e e u n kn o w n s n 田肚e ly th e v o hi m e
fra

e ti o n s a ,

p an d y.
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卫竺丝些也些竺四丝呈坦凶siu m on Meas ~
en t T eC hn iqu es fo r M ul tiP has

e Fl ow
s S eP t

.

10
一

12
,

2(X) 3
,

H an g Zho 。,

C瓦泊a

Th
e bas ie system for Phas e fr ac ti o n m e as ure m en t wi th e aP ac itan

ee

in sid e th e Pi pe w hi eh m eas眼 th e eap ac itan
e e o f a

tw o
-

Phas e fl ul d
.

sen so rs e o n sists o f tw
o o r m o re e le Ctro d e s Plac ed

If th e rel ati
v e Penl u ti vi ti e s o f th e tw o Phas es

su ffi e ie n tiy di fl池re n t
,

fo r ex 别旧Ple 0 11 an d wate
r w he re 场u = 2 an d 氏侧

‘r
= 8 0

,

th e v o lu m e fr ae ti o n s o f eac h Phas e ean

d eterm in e d
.

犷
O e

W hen 0 11an d w ate
r
tw

o Phas e s Pr esen t in th e se n so r vo fu me
,

th e eap ac itan
e e

q \一从,
W he 比 。,

·

资
、

·

c Z

闷

vwo ,

Vs

re a d in g w ill b e :

f

~
(5)

if Vo u 15 th e v o lu ro e oc
eu Pied by 0 11

,

认叫
心。

15 the
v o lum

e
oc e u Pie d by w ate

r an d Vs 15 th e to tal
v o lu m e bet w een the

sen s

ors
,

an d K 15 a e
on

s

tan t re fl ec ti n g th e d im en sion
s an d se PaJ旧ti on o f th e elec tro des an d in elu di n g th e pe nl ”ti vi ty

c o n s

tan t 均
.

A m eas ure m en t o f q 油
亡
yield s a v al ue fo r

EZP has
e w hi eh the

n 15 u se d to eal eu late the vo lu m e fr ac tlo n s o f
e ac h phas

e
,
sin c e V, ==

踢
+ 玖四

, ·

In a th re e
一

Phas
e syste m

,

g as wi ll al so Pre sen t an d th e se n sitive v o lu m e Vs w ill n o t be fi lled e

om Ple te ly by the liqul d

Phas e
·

Tb ls me ans th at an in de pe
n d e n t m e as ure m e n t o f th e g as v o lum

e fr a c ti o n 15 re qu ir e d if ab so lu te m e as ure m en ts o f

0 11an d w a te r
vo lum

e fi’a c ti o n s

are to be m ad e ,

ra th er th an th e w a
ter

e u t on ly
.

A sin gl
e en erg y子ra y tralls而

ssio n d e vi ee

15 o ft en u sed to q u an tify the g as v o lu m e fi 妞c ti o n
.

Iln pe dan c e sen s
ors w ere d e v elop

e d fo r u se in w a te r e o
nti

n u o u s fl o w w here th e elec tri e al e o n d u eti vi ty o f the fl ul d

c a u se s Pro blem s
for

e aP ac itanc
es bas ed m eters

.

T七e bas ie
. sen sor e

on
sists o f tw

o elee
tro de s

,
5 1而lar to the ge o m e

try
o f

th e eaP ac itan
e e syste m

,
e x ee Pt th at th e m eas u re d q u an ti ty 15 n o w the

ele etri e al 而pe dan ee o fthe fi u id
.

T七15 15 m e as ure d

by Pas sin g an e lee tri eal e

urre
n t b e tw e en th e elec tr od

es thr o u g h th e fl ul d
,

wi th th e g as v ul um
e fr aC ti o n de te n 旧in e d

in d e pe n de n tiy (ag ai n
, u su

all y w ith a 子卿 廿an s
lni ssio n de v ie e)

.

In eo

rruno
n w ith th e e ap ac itan

ee te e
ho o lo g ie s

,

th e

se n sor m u st b e e
all brat ed ac e o rd in g to th e Pre v ai lin g flo w re g lin

e sin e e th e e o n d u eti v ity m e as 川险d b e tw ee n

the
e leC tr D d e s 15 str D n

gl y d epe n den t o n th e sPati al d istri b u ti o n of th e fl山d e

om
Po n en ts

.

4
.

2
.

2 Com po ne n t V el诫ty M . 始u re me
n t

C o m po n en t v e loc ity m e as ure m e n ts are
u su

all y bas ed
o n ero ss一e o

rre lat io n tee hn iq u e s
.

C ro ss一 e

orre
lati

o n in v o lv e s the
m e as ure m e n t o f th e tr a n s

而 t ti m e o f an y d istU rban e e or inh
o m o g en e o u s fe a tu re b etw ee n

tw
o se n s o rs Plac e d a

kn
o w n

di s

tan ce ap art in the fl o w m edi
u m

.

Fl uc tu ati
o n s in Pho to n

lin
ear a tt e n u

ati
o n e

oe m eien t
,

di e leetri e al e o n s

tan
t

, elee tri e al

e o n
du etivi ty or ac o u sti e im pe dan e e

are
e o

nun on ly ero
ss一 e o

rre late d to m eas u肥 fl o w v e loc iti e s
.

Th
c a IT y o u t

the
e ro ss

一eo
rre lati

o n ,

tw
o se n so r syste m s x an d y sho u ld b e Plac ed a

kn
o

wn d istan
ee aP art al o n g the

PIPe li n e an d suc ee ssiv e m e as ure m e n ts o f th e fl u e tu ati
o n P

aram
ete r

are
e o m Pare d to fi n d th e ti m e e la Ps

ed 耳 b e tw e e n

m 加m u m 5 1而lari ti e s in th e tw o m eas u

rem en ts
.

A m ath em ati
eal re lati o n

de fi ni n g th e ero ss一o
rre lati o n fu n e ti o n

凡(t) 15

re q u ir ed to eo m Put e

the m ax im um 5 1而lari ty in th e m e as ur e m e n ts :

1 乓
衬。 (幻 = 五m 二 fx (t + 公)

·

y(t)dt
T

一 1 言

(6)

w here y(t) 15 th e u Ps
比am

se n so r m e as u r e ro en t at tlin
e r

,

x( t+ 协 15 the m eas ure m e nt m ad e by the d o
wn

sti ℃am
se n so r

aft e r a tim e d elay 戈 an d T 15 th e in te g ratio n ti me
.

Th
e time d e la y 丁 15 v

ari
ed an d th e eal e u late d ero ss一 eo

能latio n

fu n C tion 凡(t) plo tt e d as a fu n e ti o n o f 艺 A 那ak w iu oc eur at 公二 几 in th e fu n eti o n w hen th e
tw

o sen sor m eas ure m e n ts

are m o st sln Ular
.

Sinc
e th e seP 田l tion

o f th e se n so r sy ste m s is 如
o

wn
,

th e av erag e fi o w v e loc ity m ay b e Cal Cu lat ed fro m

th e re lati o n 歹= l/ 气
,

w he re 1 15 th e se par a tio n b etw ee n

the
sen so r syste m s

.

M an y 0 11 eo m P耐
e s ,

m an u

faC
tu re rs an d re se

arc hers hav e d e ve lo pe d m ul ti Phas e fl o w m ete rin g syste m s ac eo r d in g to

thi
s m e as

ure m en t Pri n e iPle
,

b u t so m e o f th em e o m bin e w ith P司rt ial sePar ati
o n m ann

er
.

Peth aP s

the m o st su c c e ssfu l

e o

rnm erc ial ho m og eni z
ati

o n bas ed m u lti Phas e m eter 15 de v e lo Pe d by Fr aj m o
(Fi 9

.

6)
.

In the m eter th e fl o w 15 Pr o -

e
on di tion

ed wi th a n五x er ,

an d the
ho m og

en ize d

e o m Po n e n ts d ir eC

ted to a ven to ri to b e w he re the

to tal
vo lu m e fl o w ra te 15 m eas u r ed

.

A du al en er g y y-

ras
tr an s而

ssio n d e vi ee ,

in w hi eh B a l33 so urc e s

Pro v id e Pbo to n e n erg ie s o f 3 0 an d 3 50 ke V
,

15 u sed

to m e asu re the Phas e fr a eti o n s
.

飞1115 ki n d o f

m u lti Phas e fl o w m e te r ean be ope rati o n o n to Pside

an d su b sea in stal la ti o n s fo r
bo th w ell te stin g an d

all
o e
ati

o n m eteri n g
.

Th
e m ain dj ra w bac ks o f thi

s

m e th ed are th at re lati
v e ly lar g er m eas ure m e n t err o r

m ay o eeur o w in g to the big di ffe re n e e b etw e en

Phas e v e lo e iti e s a t so m e fl o w re gi m es ,

an d th a t Pr o -

eo n di ti o n
而

x e r to ho m o g e址z e th e fl o w w ill c a u se

m ain tai
n Pro ble m s

.

Fi 只
.

6 H o 们。o 只e n iz ati o n ba s ed dir ee
一
phas e fl o w n ne te r

4 3 D irec t M ul即has e M ete ri n g

5 56



尹咤少她聊
ati四al s聊加

51卿
o n

呛as u
竺尸

e n , 仓
chn

}q
u es fo r Mul乒p he

se Fl o w s _

_ 冬即目旦」鑫2匹些卫丝剑巨叹吵些七

Th
e m o st in tu iti o n al m etho d to o btai n m u ltiPhas e fl o w r ate bas e d o n eq u ati o n (l)15 di re e tly m e as u ri n g six v

硕ab le s : 0 11
,

w
ater an d g as v el oc ity (v

。 ,
v , an d vg )an d Ph as e fr a

cti
o n s (a

,

p an d Y)
.

Th
e m o st ben

efi t
fro m th is a p p ro ac h 15 sim pli c ity

o f th e m eas硕 n g system be c a u se n o se Par ati
o n an d Pro

一 eo n di tio n de vic e

are
n ee d ed

.

Fo r Phas e fr ac ti o n s ’

m eas ure m en t
,

子r ay att en u
ati

o n , elee tri eal e ap ac itan
e e ,

or e le e tri e a lim Pe dan e e ean b e u se d as in th e ho m o g e ni z a tio n bas ed m u ltiPha se

me te rin g syste m
,

b ut ho w to me as u re the thr ee
一

Ph as e v elo e iti es sim u ltan eo u sly still
rem

ai n s u n so lve d Pro blem
,

an d the
v eloc iti e s o f e ac h e o m Po n en t d o b e stro n g ly fl o w re gi m e deP en d e n t

.

Th at 15 w hy 50

far th e re a l d ire et o il/ w ate rlg
as

让止e e
一

Ph as e m ete ri n g has n o t re all
z e d ye t

.

A s w e
kn

o w n
,

th e m ultiPhas e m e te ri n g system u se d in o
ffs ho re en v

iro
n m e n t

sho u ld b e n o n
一

in trU siv e ,

tin y
, e as y to eo m m lssio n , o

pe rat
e an d m ai n tai n ,

fe w e r shu t
一

d o w n s an d bre ak d o w n s ,

ro bu st
,

hi g h re liab ili ty
,

le ss m ai n te n an ee ,

fe w er ev e n n o m o vi ng Part
s ,

an d m o st im Po rt an tly fl o w re g im e in d ePen d e n t
·

N e e

dle
ss to say

,

d ir ec t m u l如has e m e te ri n g sho u ld be th e m o st
fav ori te b ein g u sed in o ffs ho r e 0 11 in d u s

try
.

Th
e

p ro ble m 15 ho w to d e ve lo P a dire
et m u ltiPhas e fl o w m ete r to m ee t al l th o se re q u

ire m en ts ?

5
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T O MO G R A PF[I C T E CH N IQU E FO R T H R E E
·

PH A SE FLO W M E A SU R E ME N T

In m u ltiPhas e fl o w me as ure m en t fo r th e o il in d u s
try

,

Pro ee ss to m o g r aPhy e an b e u se d in t址e e di ffe re n t w ay s
.

Firs tly
,

th e tom
o gr aP hi e Sy ste m e an fo rm th e b as is o f m u lti Ph as e fl o w m eter itself

,

m e a s

硕
n g b o th e o m Po n e n t fr a e tio n s an d

fl o w v e loc iti e s
.

Sec o n di y
,

a to m o g rap hi e in s
trU m e n t

can b e u sed in c o
nj

u n eti o n w ith o n e o f the c o m Po n e n t fr a c tio n

m eas u re m e n t m od all ti e s m e n tio n e d ab o v e to o
ffs

e t fl o w re g im e de Pe n d en ey
,

if th e sPa tial d istri b u tio n o f th e fi o w

eo m Po n e n ts 15 kn o
wn

,

the flo w 刃n e

ter
e
an b e e

吐b r
ate d acc

o
rdi

n g ly
.

An d thir d ly
,

to mo gr aP hic im ag in g e an b e u sed to

di sPla y an d m o ni to r m u ltiPhas e fl o w re g im es d yn an ljeal ly
,

to op ti而
z e th e Pr

od
u eti o n m an ag e m en t

,

an d to d iag n o se the

p ro d u
Cti

o n Proc
ess

.

Th
e u se o f to m o g r aPhi e tee hni q u es fo r

im a
gi

n g m u ltiPhas e fl o w Pro d ue e a

e hal len g e n ot fac
e d in m o st in d u stri al o r

m ed ie al im ag in g a
pp lieati o n s : th a t 15 th e

Pro ee ss b ein g im ag ed m o v es q u ie ki y

(ty Pic all y u P to 10 In/
s) an d ean ehan g e

s
trU

c tu re eo n tin u o u sly
.

A s a re su lt lar g e

am
o u n ts of d at a n ee d to b e Pro e e ssed

q u ield y if a re al
一
tim e sy ste m 15 ro b e

fe 韶ible
.

Taki
n g y- ras to m o g ra ph y a s an e x

am Ple

here
, u sin g d u al e n erg y 子r ay so u rc es an d

d e te eto r

arr
ays Pla e ed as in Fig u re 7

,

th e

sen so r an d re a d
一o u t syste m 15 ea Pab le o f

Pro d u ein g im a g e s at ra te s o f se v eral
hu n d re d fr 山旧e s Pe r sec o n d

,

p ro v ide d
su ffi e ien t e o m Pu tin g Po w e r 15 avai lab le

fo r re eo n stru etio n an d v isu al iza tio n
.

T he

ero ss一 see ti o n s o f 0 11
一

w ate卜g as fi o w s ean

b e re e o n s
trU

e te d u sin g thi s to m o gr ap hi e

tec hn iq u e e o m bine d w ith e ap ac itan
ee

Fig
.

7 A cro
s s一 se c ti o n al view o f th e

舒rax to m o gr ap hy to m o盯aphy
·

Th
e y- ras

to m o gr a phy

re c o n s
trU

c ts the g a s月iq u id di stri b u ti o n
,

w hile the w ate r/ 0 11 d istri b u ti o n 15

de tenr 血e d by the eap ae itan e e to m o g raPhy
.

In d iv id u al 0 11
,

w ate
r an d g a s ve lo eiti e s

are th e n d e te rm in ed by u sin g cro ss -

C o rr elati o n
teC hn iqu

e an d an al yz in g q u an ti tati v e ly th e
im ag es an d fl ow r e g im es

.

Ho
w e

ver
,

pr( 沁ess to m o graP hy 15 n o t re al ly u sed in 0 11 in d u s
try in o iUw a ter/g as m u ltiPha se fl o w m e te ri n g

.

Th is 15

be ea u se th e ac eu r acy an d o Pera ti n g en v elo Ps o f the e x istin g to m o g r aPhic sys tem s

are
c u

rre
n tly e o n sid e re d in su ffi e ien t

,

al th o u g h it 15 g en eral ly ac ee Pted that to m o g raPh y w ill Pla y an im Po rt an t ro le an d m an y ki n d s o f to m o g ra Phy te ehn iq u es

are
u n d er de v elop m en t

.

6
.

C O N CLU SIO N S

Ch al le n g ing tar g ets hav e b e en se t
for th e

pe rfo rm an e e o f m u ltiPhas e m e te rs u sed in o ffs ho l℃ 0 11 in d u s
try an d

m u lti Phas e

me
te rin g 15 at the

s
tag

e o f de
ve lo Pm en t w he re 01 1 e o m Pani

es ean de PIOy th em to bri n g larg
e ben efi ts

.

A Part
加m the o bv io u s

fin an eial b en e fi ts
,

th e y al lo w o pe rat
o rs an d re se rv o ir en g in e ers to m o ni to r 0 11 an d g as Pro d u eti o n in

w ay s n o t po
ssible be fo re

,

th u s ai d in g Pro d u etion op ti而z ati
o n

.

In th e lo n g rerm
,

thi
s w illPro b ably be th e big g e st b e n efi t

fro m th e u se o f m u ltiPh as e m eteri n g
·

Ex istin g m u ltiPh as e m e ters o r in d e ed an y m u ltiPhas e m e ter like ly to b e d e v elo Ped ean b e fi tt e d in to o n e o r a

e o m b in ati o n o f the fo ur aP Pro ac he
s e u n ℃n uy

u se d in mu lti户as e m et eri
n g

.

Th
e se aPPro ac h es o f] 记r d iffe re n t le v e ls o f

teC hn ic ai c o m Ple劝ty an d re q u
ire d iffe re n t le ve ls o f u n d ers tan di n g

.

E n o u g h d ev e lop m e n t an d testi n g has n o w be e n d o n e

to sho w th at hi g h pe rfo rm an ee m u lti Phas e m ete rs fOr
t址rd Part y all

o e
ati

o n an d fo r n ear fi se al m eas ure m e n t
are Prac ti e al

,
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