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$Q (XOHULDQ /DJUDQJLDQ DSSURDFK IRU FRXSOLQJ &)' L
HTXDWLRQ
( &KDQWRISVIBDO QD &P W WIRER&H 'R YU\IDQMG ' P)OLFN

P$IJUR3DULV7HFK 805 ,QJpQLHULH 3URFpGpVY $OLPHQWYV )
HWLHQQH FKDQWRLVHDX#DJURSDULVWHFK IU SODQDIDWWR
E$IJUR3DULV7HFK 805 ,QJpQLHULH 3URFpGpV $OLPHQWYV )

GRXUVDW#DJURSDULVWHFK IU IOLFN#DJURSDULVWHFI
F&HPDJUHI S5HIULJHUDWLRQ 3URFHVVHV (QJLQHHULQJ 5HVHDUFK
) $OQOWRQ\ &HGH[ )UDQFH IDWRX WRXWLH QGR\H#FHPD

$%675%&7

$ QHZ DSSURDFK LV SURSRVHG KHUH WR HQVXUH D FRPSOHWH UHVRO
FRXSOHG ZLWK WKH IOXLG IORZ HTXDWLRQV ZKLFK VSOLWV WKH GHW
IURP WKH 3%( UHVROXWLRQ DORQJ WKH /DJUDQJLDQ WUDMHFWRULH
GLVWULEXWLRQ RI WKH SDUWLFOHYV DJJUHJDWHV WKH YLVFRVLW\ RI

WKH IORZ HVWLPDWLRQ 7KH FRXSOLQJ RI WKH WZR W\SHV RI PRGHO L
WKH VWDELOLW\ RI WKH FDOFXODWHG YLVFRVLW\ ILHOG 7KH QXPHUL
IRU D FROQWLQXRXV LVRWKHUPDO DJJUHIJDWLRQ SURFHVV LQ D SLSH

GHVFULSWLRQ RI WKH DJJUHJDWLRQ SURFHVV DQG HVSHFLDOO\ WK
GRPDLQ XVLQJ D VL]H FODVV PHWKRG ,W ZDV REVHUYHG QRWDEO\ D
SURGXFW IORZLQJ QHDU WKH D[LV RI WKH SLSH DQG QHDU WKH ZDOC
KLVWRULHV RI WKH WZR SDUWV RI WKH GRPDLQ 7KH UHFRQVWUXFW
SURGXFW SURSHUWLHYV GLVSHUVLRQ LV LQ ODUJH SDUW GXH WR WKH

QXPHULFDO VFKHPH SUHVHQWHG KHUH DOORZV LQYHVWLJDWLQJ D ZLG

.H\ZRUGV &RPSOH[ IOXLG ODWKHPDWLFDO PRGHOOLQJ &RPSXWDWLRQDO IO
SDUWLFOHV WUDFNLQJ

,1752'8&7,21

,Q VRPH FRQWLQXRXV SURFHVVHV LQYROYLQJ FRPSOH[ OLTXLG SUR
YLVFRVLW\ FRQGXFWLYLW\ GHSHQG VKDUSO\ RQ WKH WUDQVIRUPDW
LQYROYLQJ DJJUHIJDWLRQ HJ ZKH\ SURWHLQV RU IUDJPHQWDWLRQ
EDODQFH HTXDWLRQV ,QGHHG WKH YLVFRVLW\ RI WKH SURGXFWV GF
YROXPH IUDFWLRQ RFFXSLHG E\ WKHP $ SURSHU GHWHUPLQDWLRQ RI
LOQOWHUHVW IRU WKH SURSHU PRGHOOLQJ RI WKH SURFHVV XQLW H\
+RZHYHU FODVVLFDO FRXSOLQJ RI WKH SRSXODWLRQ EDODQFH ZLWK
RUGHU WR OLPLW WKH FRPSXWDWLRQDO FRVW DV SHUIRUPHG E\ WKH
,Q RUGHU WR DFKLHYH D SUHFLVH GHVFULSWLRQ RI WKH DJJUHJDWLR
SLSH WKH SUHVHQW ZRUN SUHVHQWYV D QHZ QXPHULFDO DSSURDFK
HOHPHQW PHWKRG RQ DQ (XOHULDQ JULG ZKHUHDV WKH 3%( LV VROY
WKH GHWHUPLQDWLRQ RI WKH SURGXFW VWDWH DQG WKXV LWV YLVF
IORZ PRGHOV LV SHUIRUPHG E\ UHSHDWLQJ WKH WZR FDOFXODWLRQ\
ILHOG

0$7(5,$/6 0(7+2'6
*HQHUDO QXPHULFDO DSSURDFK

7KH SURSRVHG (XOHULDQ /DJUDQJLDQ DSSURDFK LV EDVHG RQ DQ LWHF
VWHS LV WKH (XOHULDQ FDOFXODWLRQ RI WKKH IORZ DW3D V. RWQLQJ Wk
WKH ZKROH HTXLSPHQW LQ RUGHU WR GHWHUPLQH WKH YHORFLW\ DQG
7KH VHFRQG VWHS LV WKH FDOFXODWLRQ RI WKH WUDMHFWRULHV RI
YHORFLW\ ILHOG REWDLQHG IURP WKH SUHYLRXV &)' FDOFXODWLRQ 71



7KH WKLUG VWHS LV WKH GHWHUPLQDWLRQ RI WKH WUDQVIRUPDWLRQ
WUDMHFWRU\ XVLQJ WKH VKHDU UDWH KLVWRU\ 2QFH WKH WUDQVIRUI
WUDMHFWRULHYV WKH YLVFRVLW\ LV GHGXFHG RQ WKRVH SRVLWLRQV
WKH YLVFRVLW\

J)LQDOO\ WKH QH[W VWHS RI WKH DOJRULWKP LV WKH LOQWHUSRODWLF
(XOHULDQ FDOFXODWLRQ RI IOXLG IORZ

first estimation of the product viscosity
n = constant

|

Eulerian calculation of velocity (v) and pressure (p) fields at each
position (x) of the equipement for the given transport properties

Input  : (n) = f(x), geometry and boundary conditions
Output : (v,p,y) = f (x)

|

Calculation of position (x) and shear rate (y) in function of time

.\__.____,-/‘02 along representative fluid parcels trajectories (of index i)
W Input  : (v,y) = f(x), release points of fluid parcel i
Output : (x,y) = f (t,i)

Lagrangian calculation of the transformation state (Y) in function of
time (t) for each fluid parcel (i) and estimation of the transport

properties. Here, Y is the aggregate size distribution.

@ @ 0 Input : transformation models DY/Dt = f(Y,y)
viscosity law n = n(Y)
Output : (x,Y,n) = f (t,i)

|

Interpolation of the viscosity on the whole domain Input : (x,n) = f{t,i)
N Output : (n) = f(x)

JLIXUHWHUDWLYH SURFHGXUH

7KH LWHUDWLRQV DUH VWRSSHG ZKHQ WKH UHODWLYH GLIIHUHQFH EF
RQ WKH HQWLUH GRPDLQ

&) FDOFXODWLRQ

$ VXVSHQVLRQ RI VPDOO SDUWLFOHV PRQRPHUV LQ ZDWHU ZLWK D
%HFDXVH RI LWV KLJK FRQWHQW RI ZDWHU WKH VXVSHQVLRQ ZDV D
GHQVLW\ ZzDV DSSUR[LPDWHG E\ SXUH ZDWHU EHKDYLRXU

7KH FRXSOHG SKHQRPHQD XQGHU FRQVLGHUDWLRQ DUH LQYHVWLJDW|
UDGLXV LV PP )J)RU D IHRG/IOR/ZKRI WKH LQSXW 5H\QROGYV QXPEHU LV
ODPLQDU IORZ

7KH IORZ zDV GHWHUPLQHG E\ VROYLQJ WKH 1DYLHU 6WRNHV HTXDW
ILIXUH 7KH PHVK ZDV FRQVWLWXWHG RI UHFWDQJXODU FHOO
OHQJWK ILQHU QHDU WKH ZDOO ERXQGDU\ 7KH IORZ GHWHUPLQDWL!

D

JLIXUBXPHULFDO GRPDLQ DQG DWWDFKHG ERXQGDU\ FRQGLWI



3RSXODWLRQ EDODQFH PRGHOOLQJ

,Q RUGHU WR GHVFULEH WKH DJJUHJDWLRQ RI WKH GLVSHUVHG SKDVH
6PROXFKRZVNL ZDV XVHG ,I| WKH DJJUHJDWHYV EUHDNDJH LV QHJOHF
SDUWLFOHYV FRQWDLQLQUW JRPRQRPIHRWYWQRN M/GE1 HTXDWLRQ

C':‘:LLW I'| Nwl'\c/vleM L|Q N, m
1t —tMgm
oW o ",

ZKHYUWRW WKH NHUQHO RI DJJUHJDWLRQ GHQRWLQJ WKH DJJUHJDWLRQ
L DRG M PRQRPHUV DQG : LV WKH )XFKV VWDELOLW\ IDFWRU GHQRWI
DJJUHJDWLRQ

7KH NHUQHO RI DJJUHJDWLRQ LV D IXQFWLRQ RI WKH; WKB®HDDMW X UH
FRQVWDQW ,W DOVR GHSBQGVWKM WKH VRIHW Kl HU DOQW-R OD/QHE MM JUH JD W I
GHSLFWHG E\ HTXDWLRQ > @ DQG WKXV PXVW EH FDOFXODWHG IRU

N, 7.0 &
;RO
ZKHUH.W WKH %ROW]PDQQ FRQVAKBIQWDRLYWY MJJUHIJDWH FRQWDLQLQJ

FDQ EH FDOFXODWHG NQRZLQJ WKH PRIQRIPWKH DEDLKXWDO GLPHQVLRQ
DQG ZKLFK WDNHV LQWR DFFRXQW LWV PLFURVWUXFWXUH E\

N -~ "R G

D DU

7KH DJJUHJDWHV Y-RADAW HDOBXWLDWEGG IURP WKH DJJUHJDWHYV VL]H GL
ZDV XVHG WR GHWHUPLQH WKK BHODX\OLWHRQLVBER& LW\ L H

EL ..
__Ilq

L
, - - His -

7KH 3%( ZDV KHUH VROYHG XVLQJ 0$7/$% E WKDQNV WR WKH VL]H
5DPNULVKQD > @ LQYROYLQJ WKH GLVFUHWL]DWLRQ RI WKH DJJUHJDW
E\ QXPEHU RI PRQRPHUV $ JHRPHWULF GLVFUHWL]DWLRQ ZDV FKRYV
UHJURXSLQJ SDUWLFOMNVROREW DVQLQ WKURXIRUN . DV D KLJKHU QXI
VLIJQLILFDQWO\ FKDQJH WKH UHVXOWV WKH OPRQR®BIUYHVW SRVVLEO}

7KH DLP RI WKH VWXG\ LV WR H[KLELW WKH IHDVLELOLW\ RI WKH QXP|
FKRVHQ LQ RUGHU WR GHVFULEH D JHQHUDO DJJUHJDWLRQ SURFHVV
SURGXFW WUDQVIRUPDWLRQ 7KH WDEOH OLVWVY WKH QXPHULFDO YD

7DEOKJIJUHIDWLRQ SDUDPHWHUV XVHG IRU WKH VWXGL
&ROQ\ 1RVR 9D (
YXFKV VWDELOLW\ IDFWRU
JUDFWDO GLPHQVLRQ '

,QLWLDO DJJUHJDWH YRQ@XPH|[IUDFRPRQ

7KH VLPXODWLRQ KDV EHHQ FRQGXFWHG ZLWK WUDMHFWRULHV ZKF
LQOHW ERXQGDU\ ,Q RUGHU WR HQVXUH WKDW WKH ZDOO ERXQGDU\



WUDMHFWRU\ KDV EHHQ DGGHG QHDIW RVK MW ER XQ@®DU\L\VEW DG LQ O DXY\M O
WKDW LV D UHDVRQDEOH DVVXPSWLRQ DW VXFK D GLVWDQFH IURP WK
FRQVLVWHQW ZDOO ERXQGDU\ FRQGLWLRQ UHJDUGOHVYV RI WKH IORZ I

7KH LWHUDWLYH SURFHGXUH &)' WUDQVIRUPDWLRQ ZDV SHUIRUPF
GLIIHUHQFH EHWZHHQ WKH ODVW WZR FDOFXODWHG YLVFRVLW\ ILHOG
FULWHULRQ

5(68/76 ',6&866,21

7KH DJJUHIJDWH FRQFHQWUDWLRQ RI WKH RXWSXW SURGXFW LV SUHVH
RQ ILIXUH ,Q HDFK FDVH WKH UHVXOWY DUH SUHVHQWHG IRU WKH
RQH VWDUWLQJ IURP WKH SLSH D[LV DQG WKH RW KSHJIH VHRORN H B PRIQ RIPJ )
WKH WRWDO QXPEHU RI SDUWLFOHV E\ XQLW YROXPH LV ORZHU QHD
DJJUHIJDWLRQ UDWH QHDU WKH ZDOO ,QGHHG DV WKH ODUJH SDUW
RYHUDOO QXPEHU FRQFHQWUDWLRQ RI WKH VXVSHQVLRQ GHFUHDVHYV

JLIXURXWSXW FRQFHQWUDWLRQ RI WKH DJJUHJDWHYV E\ VL]H FODVVHYV IRL

7KH ORZHU DJJUHJDWLRQ DW WKH SLSH D[LV LV FRQILUPHG RQ ILJX
GLVWULEXWPRQLVRVUKUIWHG WRZDUG WKH ODUJHU DJJUHJDWH VL]HV &
ZKLFK LV D EOHQG RI WKH RXWSXW SURGXFW Rl HDFK WUDMHFWRU\ K
RI WKH WZR GLVSOD\HG WUDMHFWRULHV

JLIXURXWSXW DJJUHIDWHY FXPXODWLYH VL]H GLVWULEXWLRQ IRU EXON



7KH GLIITHUHQFH RQ WKH SURGXFW FRPSRVLWLRQ LV UHIOHFWHG LQ W
ODUJHU SDUWLFOHY DUH IRUPHG WKH WRWDO SDUWLFOH IUDFWLRQ L
ZKHQ WZR SDUWLFOHYVY DJJUHIJDWH WKH QHZ SDUWLFOH KDV D KLJKF
SDUWLFOHV $V WKH DJJUHJDWLRQ RFFXUV WKH WRWDO SDUWLFOH
YLVFRVLW\

JLIXUBLVFRVLW\ ILHOGYV LQ WKH SLSH )ORZ IURP OHIW WR Ul

JLIXUH DQG SUHVHQW WKH YHORFLW\ DQG WKH VKHDU UDWH ILHOG
IXOO\ GHYHORSHG ODPLQDU IORZ RI FRQVWDQW YLVFRVLW\ OD[LPXP
IXUWKHU GRZQVWUHDP WKH OLTXLG QHDU WKH ZDOO LV OHVV VKHDUH
WR WKH SUHVHQFH RI D JURZLQJ SDUW RI WKH GRPDLQ ZKHUH WKH SL
LQ WKLV ]JRQH DQG VR GRHVY DOVR WKH YHORFLW\ JUDGLHQW

JLIXUBWHORFLW\ PDJQLWXGH LQ WKH SLSH )ORZ IURP OHIW WR

JLIXUBMKHDULHD®MLQ WKH SLSH )ORZ IURP OHIW WR ULJKW



6XFK EHKDYLRXU FDQ EH H[SODLQHG E\ WKH KLVWRU\ RI WKH IOXLG SI
HIDPSOH RI D IOXLG SDUFHO HQWHULQJ WKH GRPDLQ DW U

JLIXUWLVFRVLW\ DQG VKHDU UDWH DORQJ WKH IOKLG SDUFHO WUDMHI

$W WKH SLSH HQWUDQFH WKH SURGXFW LV VXEMHFWHG WR UHODWLY
WR DQ LQFUHDVH RI WKH YLVFRVLW\ $V WKH IOXLG SDUFHO IORZV L«
OHDGLQJ WR WKH GHFUHDVH RI YHORFLW\ DQG VKHDU UDWH

,Q WKH VHFRQG SDUW RI WKH IOXLG SDUFHO WUDMHFWRU\ VWDUWLQ.
OLPLWHG DQG WKXV DJJUHJDWLRQ UDWH LV ORZHU % XW DJJUHJDWLR
XQWLO DERXW

6XFK KLVWRU\ LV UHSHDWHG IRU HDFK IOXLG SDUFHO DQG FDQ H[SO!
SLSH ZzDOO WKDW DUH GHSLFWHG RQ ILIJXUH DQG 7KLV LV SDUWLF
ODUJH SDUW RI WKH SURGXFW IORZV YHU\ VORZO\ LQ WKH SLSH DQG
RXWSXW SURGXFW SURSHUWLHY GLVSHUVLRQ

&21&/86,21

7KH SUHVHQW ZRUN VKRZV WKH IHDVLELOLW\ DQG WKH LQWHUHVW RI
RI IOXLG IORZ FRXSOHG ZLWK FRPSOH[ WUDQVIRUPDWLRQV 7KH WUDC
HIDPSOH E\ LQFOXGLQJ WKH HIIHFWV RI DJJUHIJDWHY EUHDNDJH DOO
SURSHUWLHY IRU D PRGHUDWH QXPHULFDO FRVW

7KH SURSRVHG DSSURDFK DOORZV D FRPSOHWH GHVFULSWLRQ RI WKH
RI WKH RXWSXW SURGXFW FDQ EH SUHFLVHO\ GHWHUPLQHG ZLWKRXW
WKH PHWKRG RI PRPHQWYV ZKLFK LV PDQGDWRU\ ZLWK FODVVLFDO S
SURSRVHG KHUH WKH 3%( LV HYDOXDWHG RQ IOXLG SDUFHOV WUDMHEF
EH VROYHG WRIJHWKHU ZLWK WKH 1DYLHU 6WRNHV HTXDWLRQV DOORZ

$&.12:/("*(0(176

7KH UHVHDUFK OHDGLQJ WR WKHVH UHVXOWV KDV UHFHLYHG IXQGL
JUDPHZRUN 3URJUDP )3 XQGHU WKH JUDQW DJUHHPHQW Qf )3
5()(5(1&(6

> @ $WWHLD 2 (YROXWLRQ RI VL]H GLVWULEXWLRQV RI QDWXUDO SDI
UHVXOWY &ROORLGV DQG 6XUIDFHV $ 3K\WWLFRFKHPLFDO DQG (QJLQHHULQJ

> @ %UHPHU [ * %LMVWHUERVFK % + 6FKULMYHUV 5 YDQ 90OLHW 7 i
VWUXFWXUH RI DFLG FDVHLQ JHOV &ROORLGV DQG 6XUIDFHV

> @ 7TKRPDV ' * 7UDQVSRUW FKDUDFWHULVWLFV RI VXVSHQVLRQ 9,,, $
Rl XQLIRUP VSKHULFDO SDUWLFOHY -RXUQDO RI &ROORLG 6FLHQFH
> @ .XPDU 6 5DPNULVKQD ' 2Q WKH VROXWLRQ RI SRSXODWLRQ EDC

SLYRW WHFKQLTXH &KHPLFDO (QJLQHHULQJ 6FLHQFH



