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Study of the slippage of particle / supercritical CO,

two-phase flow
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Abstract In te pgzer,te siige ve be ity and d Bplcementbetveen partk ks and a1 ricritkal
(0, &€ £ 0,)wer std Bl © rvealte partm B-SC £ 0, Wwojdese fbw behaev Dr.V B aleatbn
experiment were erfomed © d kectly measi e te slipoee vebe iy and d splcementE Dht
go s of exprmment fvollng vamis pessires (89-1096 MPa), Emperakrks
@ 64 5%),pati b d Emetrs ¢ 3-0 85 mm),part B densites €630 and 3120 ko) and
SC €0, fbw raks @ 920-1 2§ 4 mA)were conductd -The measi red partk B slgoee ve be ks
n te fbwing d kecton were gogooxmak ly 10 3 % of ®e SC £ 0, fbw rak - The meas rd
pertt b sk d spkcement were allatte centinetr bve Lwheh nd takd ©atSC £ 0, hal
ag Erorpartt kB tansporting cgoeb ity tetweas sim i 0 tose of iy #seven F khal abw
vEcosily tatwas s llr © tose of geses-A nimerzalmode lwes by i, ad anal/@ sipee
caku Htbns were @rformed for SC £ 0, for ald sbnal anallses- The densiy of SC £ 0, wes
fornd © haeve ageaker nflence on te sigoee ten te viEcosily M orover,acomparson of
te sipee betveen SO £ 0, and wakrshowed tatte partt B sligoer h wakrwas consent,
whi te partt k slifgoee nSC £ 0, contiu ally accu mu lBkd atenexteme lysbw rak -
Keywords: sirrcrikall 0, ; tvophese fbw ;v aleatibn ex e riment ; anal/tc caku Biibns ;
sipoee behev Dr

* ( onespord nga tor Te I=# 6 532 § 6% 313 ;fax -+ 6 53 § 6% 3LF
E-malladress:sinb§ 128§ 126com € sopngSun)
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1. Introduction

Siprrizall 0, &C £ 0,),whkhhes recentl/been ntodu ced © Ewoku m engneering,can be

used es adrilingorfriaatringfl il and & an effi kntand environmentlly frend I ki m

engineering fl ¥ -8 as& reseach hes been conductd on SC £ 0, gpkatbns n d rilng ax

fraattring processes N ecentyeas [1-4] Steetetal [§ and Khenpou retal [6] weakd d rilng

fl§ wask 1sngSC £ 0, axd obtared efft enties IS_Du etal.[l §] deve bped a b -scak

SC £ 0, cicu Hiing pHiform and erformed SC £ 0, ptex@rment.The ks b showed hprer

efftency wih e SC £ 0, ptten wih te wakr pt.Sunetal[9 av | v etal [10] used

expermentaland nmertalmetod s © st(y te a sonptibn- esorptibn profe res of s e crical

(0, nshak /Il angetal[ll 12] perfommed afrition coeffi entcaku Btbn of SC £ 0, pye fbw

an mproved te SC £ 0, density caku tibn metod -

A Bof te pevius std ks described bove have manly focused on singk4dhese SC €0,

H owever,soll phese ( rilllng cu tor progoen®) rensport & one of te essentiBlu ses of fll s N

eokum engieerng [1314] - ltB SC £ 0, mu Mphese Tbw rater ten sngk-hese Thw that

occu s nmostfe I goplkEatibns -For nstnce ,ore of te prmary Esks of SC £ 0, as afrctring

fl 1 Bcanying te propgoant@ine ceransik orsan )as deepl/ a6 possbk Nb te ficte N e

horzontalld sectibn.

The bw-vscosity and hihdensily featt ies of SC € 0, shioud i transportingcgoeb ity P arti ks

Tanspored N geses,whihhave bw vscosites compared ©SC £ 0, ,have more seriu s syoece

ten part Bs wanspored n D §s,whehhave hiphdensies compared ©SC £ 0, - lEBuNnckar

wheterSC £ 0, hes a bw tansporting cgoeb iy sim il 0 geses ,asl e rbrcgoebilily sim v ©

) ¥s,oracgeebilty tatk betveen tose of geses and B §s.H ence ,sol phese tansporthes
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become ore of € €chniue botiknecks wren using SC £ 0, ,ad mor std ks on SC £ 0,
mu MHdhese Thw ae needed -

H owever,SC £ 0, mu Mphese Thw reseach hes rae ly been conductd ,even n s Ercrikal
fl ¥s escachwler std ks have manly focu sed on chem cal poeries - Trerefor ,©E pger
exanmes SC £ 0, and patx b wojese Thw_Exerinent were rformed ©d sectly measl 1|
te siipee ve by and d Bplcement.The feak ies of partk b slgoece NSC £ 0, were anallyzed
byusihganmertalmade Lan anal/tx caku ltbns were derived -The resi s can be goplked for
te patk B-SC £ 0, wo-phese fbw analss in partt b = ing,fl il katbn , tansporetbn et -

2. Materials and methods

2.1 Materials

(erank patk bs,whihae wilel/used h te pwwkim N sty s popgeentfor fract ring,
wete chosen for e iru niform densily and spreri iy . Two d iferentdensites €630 koh® and
3120 kgm*)and mesres @ 3-0 8 5mm nd Bmet)of partk Bswere tsed _The ceran & part ks
welre obtained from D own+ok Sewie ( o.atte StenghiO Fel SNOPEC ).( 0, wiha
P rity of 99 99 % wes pi rchesed from Tieny an GasP ductt 0.Q inglao,f hina).

2.2 Apparatus and procedures

Exerinent on pattk moton folbbwing wih siercrikal ( 0, wer conduckd N a
vk aleatbn gyoaats-M or detailkd descrptibns of te gyoaats, te o rating procedl IS
an te dalaprocesses can e fournd NH ol etal [15 -The experimentlsetp consks of an
SC 40, sipply syskm and av aleation moju B.The ( 0, B leakd by awakrbah © te
s rrrixalset _The wrensentfbw rak B recored by ane kctomaget fbwmetrgol pli | -

Thre vieu alieation modu B B composed of aviel alkatbn chenre Isimu lbr and  a hiphspeed
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canerasysem ,as shown n FO e 1 _The chenne Isimu BEbr consks of fou r ientalu nik,

whEhcean be free by d BassembRd and combined -The simu lkd chenne Ihes afked withof 5

mm ,abteghtof 50 mm ax a kngt of 25 mm foreah uniEah unithes o paws of

obse watibn wind ows ,a shown n FOi e 1 ,twoi ghwhih te patt B movemens are filned -

The ma& mum working press 1e of te viel aleatbn modu B 30 M P a_The hiDhspeed canera

BEanOLYMPUS kseed TR, whhhes ama mum rsoltibn of 1280 % 1024 ataspeed of

2000 fis.The BDhtsouice GH B UYA BP 40I P)®anl ED coll il m nabr,whihdoes

notaffectte €EmErat e of €e SC £ 0, inte stnu BEd chenne L

During te exerimentllprocess , e highspeed canerasysem was pleed on bothsies of ¢

second window from te SC £ 0, nktA smallanal ntof pertk Bs was mked n from €2 Nkt

cbove te fistwindow @rom te SC € 0, NED-The part@ k motibn was lecored by te camera,

and ,simu Bereal sy, e EmpErat e ,pess ik axd fbw rak were allnokd _This,.eahrecon of

te patx B motbn hes conespond ngEmerak e ,pess i1 axd fbw rak noks.

The experimental d afla were processed using e OLYM PUS Ispeed contoll softvae - The

d Emetr, horeontal ve be ity and d splcementof te patt B h each tine 1 nikwere obtmed

usngprtie-byprter aalse.-The acrap 1 nceranty of te experimentlgoaats and te

metod B019% [15 -

2.3 Particle horizontal motion model

Numerzal analyses were ako gpled © reveal te charartrstis of te S( £ 0, ad patc b

twophese Tbw.The partt B motbn mode Fwas b ltbased on &e B asse® 0U ssnesg-d seen

€58 0)equatn [16] -C onsiering tatte effect of fbwng frz ton ,walleffec and 1o gress
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onte patxb-SC £ 0, tvophese Thw ae stlllu nc kar, te patx b horeonlmotion mode Iwas

v lithesed on te follbw g assi mptibns -

OThe SC £ 0, fbw Bastay,i niform fbw ;

QAT paxkfatk anl patx bAvallnEratons ae DokEd -

8 y analizing te forces @ ragforce ,virtalmass force and 8 assetforce)atingon asingk part b

nte fbwngSt £ 0, ,&te partx b horeonalmoton d ife entialequ atibn B

dv
rd> dv, 7#d’ xd> dv, 3d? F
P p_"% ooz %y p_2%p 2 (' dr

e Py =g p,(v,-v,)C, TR (o, 12) J."—d«/z: T O

wrer d, 5 te d Bmetrof te patk b, o, B te densiy of te patk b, v, B te horeontl
vebcity of e pa@ b, o B te SC £ 0, densiy, v¢ B te SC £ 0, fbw @k ,Cp, B te dreg
coeffrent, 2z Bte SC £ 0, vEcosily, s te tine,and 7 B te ke kxatbn tine -

Thre dragcoeffL ENtCp) B te key paametr n te d rag force expressbn i owever, ek ae no
e Bvant epors on te spec it drag coeffrentcaky lHbn N SC £ 0, .H ence , an ax lay
equ atibn set s eseblBled based on te power-w setting ve be ity caku DN [15 © sole te
dragcoefft entind rectl/_The equ atibn sete

302 p;
[-0.2141n(22)+0.8241]
v, = £ [0.1196(&)2 —0.1216&—0.2961]Ar 4 ©
P, Py Py
3
=8P —p{)pfd,,
74

whrere v, Bte Emnalsstiing ve be iy of partt Bs N SC £0,,7 5 te acebratbn due ©

ogavily,an A rste patx b A chmedesnumber.
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Tre § assetforce ,whih 5 ako calkd te hsbry force , 5 cased by te ke Hive ace kratbn
betveen te part Bsand te SC £ 0, .The B assetforce expressbn NEQ.-C)  an negraton ax
cou B be soled usngte metods of Skenhiaetal [17] anxd 3 ombard e lietal [18] ,who proved
te convergence of e § assetforce expressbn.-The friectional negralmetod can be used ©
eiminat te negalsing briy- The tgezol fomu lcan ten be gpkd © d ECretEe te
negaltm _Thre gooox maton of e negralem B given by

dv

P
dt ’]T"’—

.[\/ 2 J_ z\/i'kl_l)'i'(a +a—1)‘/_ (©))

where h B e tine uni,ap 5 te Nl &) pax b acekrabn,and a; 5 te patck

horeontalacce kratbn aamomente

( ombnngEgs-€),€)an @),te govemingequ atibn forte partx b horeonalmotmn mode 1

canbe grven_.in s made Lte d ragcoeffit EntCp ) B caky BEd by anew nd kectmetod _The

new metod B based on e SO £ 0, exeriment[ly axd & terfor mor s kbR for te

SC £ 0, case ten otermetod s based on conventibnalfl ¥ ex e rment.

Tre patz B horkontl motibn model B d Bcietked using e Eu Br metd and soled by

proganmingnVi NET.

3 Results and discussion

3.1 Experimental results

E ohtgo s of experiment were conjuctd undervais EmEeraie ,ressi e ad patc b

cond mbns,as shown N Tebk 1 _heahgou pof exeriment ,atkasten partt Bs weke se BeEd

random ly and processed © obtan asetof horeontl ve be ks axd d splcement .- For asngk

partk kb, te motbn can ke afectd by part B shgz , i gress ,walleffecs et ,whih may
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nduce sttong rand omress N 6 ve beity and d splEcement. Therefore , € averae val es of te

partk k ve be iy and d BpkEcementae presenkd nTebk 1.

Tre averae partt B ve be ks n te Thw d kecton fall n te range of 0 843-1 204 m4,whih

rahanaerae of §91 % of ke SC £ 0, fbw ve bec ity _Tre average siyoece d splcement fall

nte g of 0013500341 m ad ac all atte centimetr kve LThe d sectly measi red

sipoee ve be iks and d splcement betveen e partt ks and te SC £ 0, were e Hie by small.

B ased onexpermentalmeass kment,SC £ 0, was fornd © have asi Erorpartt B tansporting

cgpebiity tatwas simiro aliu 1 even F ithal abw viEcosily tatwas s lir b tatof ages-

3.2 Verification of the particle horizontal motion model

Tre experimentales: b6 ae 1sed © veriy te partt B motibn mode LD u ring te exeriment,

te frame rak of te canerawas setb 14000 s_The d sectly measi el parane€rs were te

pertt k horeontalve be ity and d splcementin eachtime u nibwhehwas 14000 s_The partx B

nkt@& shown N Fg.1)was se Bctd as te orpinb ased on e r Hie poskbn betveen e

partt B nktand e obsewatibn wind ows e cenkrcoord nak of te second wind ow B known .

A ccord ing © e coor naks of te window centr, te partk B horeon@ald splcement € 1)

from te Nnktcan be meas r_d atte time when ken€rs te observaton window .S m iy ke

d splcement ) can be obtaned atte momentwhen te partt B moves o tof e window .

Durng ik d splcement, te partt B horeon@lve be ity and d splcementn eachtine U ncan

be measl ikd by mae anal/se-The nimerzalve be iy and d splcementn te sane Ernl ae

tencakl BEl and compared wilhte exerinentalres) ks,verifyingte patt B motbnmade L
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heahtme unitte patx b acce Bratbn 5 a3 med © be uniform _The partx B d spkEcementn

eaxhunits caku BEd by te aerar vebc iy A ccond ing © te ex@rimentalcond Mbns, te

nitalcond Mbns ae

-

Uy =0
dv 3
e R (v’C, ()
dt o 4d,p,
\L(o) =0
The boi nd ary cond tibns ae
{L(nl) =1 ©
L(n2) =L,

A specic par@ B B Henas anexanpk © Ml stak te verfitatbn process . Ths partt B hes a
d Emetrof0 647 mm and adensiy of 3120 ko> _The experinentltmpErat e and press e
ae 459 T axd 1096 M Pa,resectiely.The SC £ 0, fbw rak 1085 mA_The meas Ied

horeontald splcementl; 50 114 m,axd L, 50 146 m B ased on &e gwven cond mibns and Egs-
0.0).0).,A)ad 6),te nnmerzalve bcity and d splcementae caku BEld axd compeared

wih te measi red vales.Tte esi b6 ae stown nFO e 2 _Tre staphtie nFO k2 @
repesent te vebecily ped £l by te patt B moton maole L The scalkrd ot ae te
experimenttly measired vebciis. Tre hoer and bwer o N FOre 2 @) ae te
nmercal and experimentl d splcement of te patw bk, esppctvely. The SC £0,
d splcement B used & arference . The siyoer betveen te SC £ 0, ad te patxk ®

groxmak /0 025m _The caku BEd ve be ks and d splcement have average enors of 4 90 %
ad 1 3 % ,espective iy ,whchmathte experimentalresy s we B

M ore comparsons wete condu ctd b Estite axcu rxy of e sEyoece equ atibn ,a6 shown in Tabk

2 _Fie patx ks from eah gou pof experinent n Tebk 1 were random ly se Betd , processed
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using te same metol as described above ad compered wilh e caku lEd e b under e
same cond MDns .- The averae enors of te part B motibn made lae ssmmarked n Tebk 2 _The
enors ae all posiive vales, nd cating taet te cakbu BEl ks b exceed € meas kmen6.
P e Im nay analsE st grpst tatte walleffect hinder te partt B motion ad slightdy redu ce
te measired pat b vebc ks 0 verall, te averar ve be iy enors of te e phitex @rimental
ool s renced from 348 % ©8 23% _The averae d splEcementenors weke betiveen1 25% and
549 % .Trerfor ,te patt B motbon mole Iproviles acu rak pred £tbns ad can be used ©
eval ak partt B wensportin SC £ 0, -

3.3 Derivation of the slippage velocity and displacement analytic calculations

3.3.1 Neglecting the Basset force

To derive te analytx formu ks, te effect of te B assetforce on e sipoee ve be iy and
d splcement were analzed - A ccord ng © te measi kel friatie pessie ga entand e
cotemalga entnte fe Bl [1920] ,SC £ 0, cond Mibnsof 50 M P aaw 120 T were chosen as
an exanpk ;tese cond mbns ae cbse © te unNdergrai nd cond mDns atadept of 2000-3000 m
durmgte frct ringope ratbn _The densily and vscosily of SC € 0, undertese cond MDNS we ke
ten from te N atbnal hstit € of Stend ad s and Technobgy websik [21] and ae 16368 koyh®
ad 008 mPas,rsectiely.The SC £0, fbw rak B assimed © be 1 m4 based on te
common fé | pmprags and frxtie sies [22] -The chosen part b densiy & 3120 ko, and
te acrae dEMeEr 806 mm_Tre caku BEd pat b vebcity and d splcement, w ih ax
w ol tte B assetforce ,ae shown nFDi e 3.

Thre partx B ve be iy d fferences based on te 8 essetforce fallin te range of 2 2-62 % ,an te

acerae vale 854 % ,asshown nFo e 3 @-The patx b | splcementd fferences by 8 asset
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force nFO ke 3 @) ae wilhn te renge of 0 91-55% ,an te averae vale 845 % _These
d Fferences ae smalland canbe Dord N te partt b wensportreseach._Trerefor ,te effect of
te § assetforce on te sigoese ve be ity ad d splcementcan be Dnored .

3.3.2 Derivation of the horizontal velocity and slippage analytic formulas

I hen te 8 assetforce B Dnorkd LEq-C)becomes

zd® dv. rd? zd®  dv
P p_""p L. -0 )YC. ——P,p, P
6 Py 7t 3 P (v p) P T Pi dt ©

Eq-@)can ako be writkn a5

dv 3p,Cp

p 2
= (Uf_v ) O
dt  2d,2p,+p;) ?

L etling

’ 3p,C,
Tren Eq-Q)can tenbe smplfed ©

- 1
(v,-v,)?dv, =th [$))

r

Thre d ragcoeffE BNt Cp) Bsoled byEq-@€)ad B aconstentval e underceran pressl £ ax
tmErat e cond #bns acond ng © e previbis stdy on partc B setting N SC £ 0, [19 -
Trerefor ,Eq-Q)canbe negrakd d kecty-The ntlpatx b horeontlve be iy B assi med ©
be zero . The sikyoece ve be ity ) Bcaku BEd a5

Tr'vf
MUY T, T, @
f r

Tre siigoece d splEcement Sy ), defined a6 te 1k Hive d splcementbetveen te part b and e

SC £ 0, nte horeontalld kectibn ,can be derwved based onEq-C0)
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T
S, =v; .‘EJAO v, dt (49
8 ycombiningEgs-€0)ax (1),te sligex ¢ splcementequ atbn B given by

Op-t+T]
Sp =T;'.ln(T) @

r

Egs-0)and (2)ae te fastanal/ti soll tions forpartt b siooee ve be ity and d splcement
n St £0,,whthcan be gpkd forte patwk-SC £ 0, Wwopese fbw analss n patk b
= ng,fl 1 Eatbn , tansporaton et .

3.4 Numerical analysis of particle relative motion in SC-CO,

Tre patwk-SC £0, siper was analized using te siiger vebecity axd d splcement
caku lHbns_The mostwiie lyused ceransik was chosen as te par B 1@ and hes adensily of
3120 ko _The parti b d EBnetrwas 0 6 mm ,whith & te averace vall e of te commonly u sed
propeent

3.4.1 Flow rate effects on the particle-SC-CO, slippage

Thre siigoece ve be iy axd d splcementu ndervamus SC £ 0, Thbw rak cond Mibns ae shown n
FOr 4.The pessi ie and €Empzratie cond mons of €& SC £ 0, were ) M Paaxd 120 T ,
whkhae cbse Dte inlergo nd cond iibns atad ephbetveen 2000 m and 3000 m du ring te
fratrgozraibn . The praatwalfbw rak natalindergound frixtres sdetmined by e
pmprak,fraatre ske,bakoff,et Hence , e fbw raks used n te eval abn were n te
rence from 0 5-2 5mA[22] -

The sikpee vebeily decreases rigoil Iy wilh nceasing patt b vebeiy. A feEr 0 15 s, te
siper vebcily decreases extemely sbwly.D Fieentfbw raks have ik effecton te

sipexe ve be iy a5 shown nFiDi e 4 @)-
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Tre sligoece d BplEcements te accu mu BBkl ke He d Bplcementietveen te partc b ad e
SC£0,-Inte ealysexr @efor 10 s),skyex d splcementncieases repil b, a6 shown n
FDr 4 @)-The ncreasing rak ten drops with decreasing sifgoece vebe iy, and e cu rve
becomes astahitine wihasmalisbpz A Hof te sigoee d Bplcement ae atte centine€r
bvelaxd farbebw te inlergond friactre Bngh n formatbn,whih B yprally atte
tn-mekr or even hindied me€r Bvel 23 - This, te e Hie d splcement betveen te
propgoentand SC £ 0, B negipbk in fi | gpkatbns ,whe e te progoent s tansported deep
no te frate abng te Engh d krectibn.SC £ 0, B proven © be qualifed for pogoent
Tansportn te horeontld kectinu ndervarou s fbw rak cond Mibns -

3.4.2 Effects of SC-CO, density and viscosity on slippage

S il © e effectof te fbw rak on te sigee ve be iy, te effec of te SO € 0, densily
ad vecosity on te sipoer vebcily ae mconspruais. Therefore , only te skypexr
d splrementwas analyzed ,a shown n Fg re 5_The sliigoee d splcement decrease wih
increasing S0 4 0, densily and vicosily.Even under e ltire ly bw densily @0 kouh®) and
vcosity ¢ 01 mP as)cond mtibns, te sliigoee | Bplcement aie allatte centimetr Bve 1and
Essten0 08 m ,whthdemonstaks te partx b wansportzbilily of SC £ 0 ;-

Two mErsting d flerences were d scoverd betveen FOr 5 @ ad FoOr 5 @)-0nre
d Fference B tatavecosily nciease of afabrof €n toisan reduces te siyoee from 0 08
m © 004 m,whik adensity inciease of afacorof kss ten fo reduces te sipoex by te
sane amaint. Tre oterd fference & tatte rducton rak of te siyer decrases wilh
ncreasngVvecosily ,whik te rducton raké ncreases wilh nceasingdensty_-h Fore 5 @,

te siyoece edu ces slightly when e SC 4 0, densilly icreases from 300 koh® © 500 kowh®.
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H owever, e slyoee decreases by 30 % rom gaoximakly 006 m © 003 m) when te

densily increases from 900 ko © 1100 koM. h Fige 5 @), te effectof te SC 40,

vicosily folbws arverse 1B n whih €e rducton rak of te sipoee decrases wih
ncrrasnNgV Bcosily.

P astiescachviws te vEcosily a5 te man pghyscalcrieron of fract ring Tl i s for progoent
Tansportheca e ahoh vecosily prevent e progoentfrom setting n te vertwald krectn.
H owever,te above analsk rveak tatte densiy of SC £ 0, exers ageakr nflence on
pertt b sipoece ten te viscosily _The densiy of SC £ 0, ,raterten only te vcosily ,shou |

e eval akd foreffectize progoentiansport

3.4.3 Comparison of the slippage in SC-CO, and water

Thre siigoee ve be ity and d splcementin SC £ 0, and wakrwere compared _The densily a

viscosity of wakrae 1000 kg and 1 mP as, espectiely_The partt b d Emetrand densily
ae 0 6 mm and 3120 ko, lespective by The pressi e and €mperatie of SC 0, ae N M Pa
ax 120 T ,respective iy _The Tl 1l Thw raks ae bothl mA.

For wakr,Eq. @) B uns bk for te drag coeffi entsol tn. Insta , te Sokes drag
coeffr Entequ atibn Cp =24 /RS B gopked [24] _Thre siyoee equ atibns forwakrae given by

t

Sy, =e T"“ufw
. e
Spw =041, (1—e )
wher
d’(2p,+p;,)
" —_ep TH )
364,
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Tre comparson kst k,wheh wer caku BEd 1sing Egs- €), €0), (2), (3) axd (4),ae

shown NFID e 6.8 othof te siyoeck ve be ks NSC S0, and wakrexhibikd nearly te same

rak of decrease -The maind Fference was tattte sifyoee ve be iy rpil W decreased © ze0 N

wakr,whereas muecrased atanexteme lysbw rak aerashapdeciease axd d il notlecrase

Dz NSl £0, €D-6 @)-ThEk ( Fierence Nl taks tatpatx ks fbwng w h wakrcan

reah te wakrfbw ve b iy ,altol gh tey cannotreach e fbw ve be iy when fbwihgwih

SC£0,-

Thre sipoece d BpEcementreflkct te conespond ngsigoece ve be iy v ,as shown nFDi e 6

©)-The sikpex d Bplcementin e wakr iceased il i © aconstentvale becase te

siipee vebcily nwakrcan decrease © zero.H owever, te sigoexe d splcementcu ve N

SC € 0, gyoahed astaphitine withasmallsbpe beca s te sk ve be iy alvaysex k6

an te siipex: d splEcementcontiu ally Ncieases ,even aferl00 s.

A Bhoigh e experiment conducEd ker demonstakl e siErbr patt B wansporting

cepebilly of SC £ 0, ad showed tatitE smirv aly 1 ,te ald onaln mercal analsb

reveakd te detaikd d Ferences n te sligoee ve by and d splcementhetveen SC £ 0, au

wakrH owever, itk worth noting tatte d fferences in te sigoece ve be ies @ss ten 10 % of

te fbwing vebciy) and d Bplcement Centimetr BveD) ae ke hHe ) nsohfcant axd

negigbk under e cond itbns of Ewokim engineering gopoEations- In ald mon, te verttal

pertt B moton ako nd takd tatte patr b settlingve bey n SO £ 0, was sim ilr © tatfor

s (0, [19 .8 y synteskng te horeontal and vertmal patt B motbn cha Erstes n

SC £ 0, ,&e concl sbntatSC £ 0, hes 31 e rprpartt B wensporting cgoeb iy 5 emdesieed -

4 Conclusions
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h tE work, exerinental and nimertal metols were gplkd © stdy te skpexr N
part B-SC £ 0, tohese Thw._The experimentallly measl ied sligoece vebe iy (0 3 % of te
SC €0, fbwingrak) and d spkEcement€entimetr kve D nd kakd ©atSC £ 0, hes as Eror
partx b ansporting cgoeb ity that s sim il b tose of iy is-The analytt caku Htbns for te
siipece ve be ity and d Bplcementof SC £ 0, were derived and gopoled forald sibnalni mertal
analyses _The densiy of SC € 0, was foind © have ageakr nflence on partt k sy ten
te vEcosily H ence ,te densiy of SC £ 0, ,raterten only te vscosiy ,shou B be eval akd for
effectie partt B wansporttA comperon of e sioee betveen SC £ 0, and wakrrveakd teat
both of te siyer evol tbn hal gaaxoxmakl e same behevbr-H owever, te siyoexr
ve bc iy nwakrgyoated zero,whik stcontiu ally decreased aten exteme by sbw rak aer
te sane shapdecreae N SC £ 0,-Ths, te sikgex d spkEement n wakr €nded © be
consent,whik contiu aly ncreased atenexteme lysbw rak nSC £ 0, _These d Ferences n
te sl vebe iy (@Bss ten 10 % of te fbwingve bey) and d splcement€entimetr Bve D
ae e Hie l hsonfFrantand negligbk u nderte cond #ibns of enginee rhg gopiE ations -
Acknowledgements

This workwas su [goored by te N atr ralSc ence Fou nd atibn of ¢ hna 1262202 ,5121006)
Appendix

d, [m] d Emetrof te partt b

o, [kuh?  densily of te parti b

v, [mA4 horizon@lve be iy of te patt b

yr [kyhd  SC 4 0,densily

oy koM  wakrdensily



OCoO~NOUTAWNE

vy [Mm4]
vy [m4]
u P as
i, P ag
L= El
Co []
Ve [Mm4]
g [m£]
Ar [
h E
aiaj [m£]
Yp(h [m4]
Li.lo.lg [m]
TrsTn []
Sv [m4]
So [m]
Swi [m4]
Sou [m]
e []
T [?]
P L
References

SC £ 0, fbw rak

wakrfbw rae

SC 4 0, viscosily

wakrv Bcosily

time

d ragcoeffL BNt

tmhalsstlihngve belyof patt B NSC £ 0,

g iy
pertk B A ichinedes numker, A’=M
tme unit
pertt B horezontllarce kratbn atd #fe entmoment
partt B horizont@alve be ity atmoment
pertt B horeontalld splcementatd e entmoment
procedu re paranerof formy de rivation
sigoece ve be iy betveen te partt B and SC £ 0,
sy | BplEementbetveente partc B and SC £ 0,
sipoee ve be iy betveen te partt B a0 wakr
sl | splEcementbetveen te partt B and wakr
N gor rien bgaritm
tmerate ofSC £0,

pressire ofSC £ 0,



©CoO~NOOAM~WNPE

[1]

2]

[3

[4

=

6]

[]

L -Zheng,S -Ren,B _Ren,i -Zheng,Q -Guo,L -Zheng,A ssessmentof ( 0, sbrege

cgec iy n ol esewois assoc Bl wilh e BEralWnderl/ing ay lers:case std Bs

from ( hina, ht AGrenhoi se Gas( ontr.5 €011)1016-4021 -

B _Ren,L .Zheng,H -Huang,S -Ren,G.( lren,H -Zheng,P erformance eval atibn and

mechen®sms stdy of nea-m kc bk ¢ 0, fbol ng n atihtod ksewoir of Jin olfe |}

¢ hina,JN atGas Sc LEng27 Q015)17 964§ 05.

R4 ( halwek,D .INoy,S i olbway,Fbw processes and presst ie evoll ton inay lers

durng te ngcton of s ercrixall 0, e ageenhol £ ges m RIDADN meaal ke ,P ewoL

Geosc .15 €009)59-7 3.

G Zheng,l -Taermer,l £ atwripht,T XU ,hpctbnof s ercrikall 0, N deepsalie

cabonak formatibns -pred £tons from geockem talmade Ihg,SP E 116 €011)959-967 .

( G.Steet,( _Tescle,S .Gu Dad , Treamentof hyl rocabon-based | riling wasE U sing

s ercrixalcabond Dx ie ,SP E D rill{ ompkton 9 €009)413-417 .

R. Khenpour, M R. ShekhKai bsar, F. Esma ikaleh, D - M owl, Removal of

contam nant from ol &d drilingmud usng s ercrikalcabon d Dx e extxton,d

StupercriFl isid @014)1-7 .

YK.Du,RH . ang,H AN LK AHUuO,ZY -Huang,ll M _Yue,H X .Zheo,b _-Zheo,

Rock-brakngexermentwiih s zcrikalcabon d Dx e pt, A0 hin_.Unw P etwol.36

€012)93-96.

Y.Du,R_lIl ang,H _NELM _L LW -Song,H -Song,Detrmnatbn of rockbieaking

erformance of hphoessi ik siecriial cabon d Dx e pt, AH Wrodynames§ 24

€012)554-560 .



©CoO~NOOAM~WNPE

[9]

[10]

[11]

[12]

[13

[14]

[19

[16]

[17]

[18]

[19]

B _Sun,Y _Zheng,Q -Du ,Z .Sten.P roperty eval atibn of ( 0 , al sorptibn and desorptibn

onshak ,20 hih .Unw P etwold €013)9599.

TN v,Q Xue, X L LY. Teo,Y .dn,0 L ng,S -Lu ,Exttacton of kerogen from odshak

wihs errkalcabond Dx ie z:mokcu lrdynanm ks smu EDns , ASu ercritFl 85107

€016)499-506..

Z_W ang,B -Sun,dl ang,L -H a1 ,Experimentl stdy on te friton coefft entof

s ercrixalcabond Dx e npyes,htdGrenho se Gas( ontr.25 €@014)151-161 .

Z . ang,f -Sun,lL .Yan,Inproved densiy cone ltbn fors rcrikall 0, ,0 lkem _Eng-

TechnoL3 Q015)715464.

N4 _Paenkar,D D . @seph, Al ang,RD _8 anee ,M _C onway,M _A sal L,P ower v

core HbDns for sed mentwensport n pesst ie d riven chenne 1fbws, it M 1 ldhese

Fbw 2§ @002)1269-1292 .

M4 3Dl L Medin,Theoryof Sand Transportin Thin FIl 8s,SPE ,19% 5,p.14468 .

L. Hau,b -Sun,Z_ W ang,Q -L LExperimentlstiy of partx b setilihg n s e rcrixal

cabond Dx ¥e , ASu percritFl 85100 Q015)121-12§ .

EE M chee Wes,Revew -transentequ atibn of motdn forpartx ks ,bu bbks,an d ropk s,

JFN isEng.119 €997 )233-247 .

H Skehia,l Il el L Enggn,0nrnumercalmetod of ksolingd sciet soll partx ks

motibnequ alibn and 16 gopiEatons .14 i rod ynam £s 14 (999)51-61 .

FA 3 ombade A E _Gonzakz,Y 1.N ¥o,0 omp &tbn of te parti k basse tforce wih

afrxtonaldervatire gogaoach, dH yira LEng-134 @008 )1513-1519.

N L _Dutia,Geopress e pred EibNusnNgse BME dak=( u nentsets and te roa dea ,



©CoO~NOOAM~WNPE

[20]

[21]

[22]

[23

[24]

GeoprysEs 6 €002)2012-2041 .

S.( a0, I.Lerle , Geohsbry, termal hsbry and hyl rocabon generatibn hsbory of

Navamnb asin( 0STNol we B eringSeat bska, I° ettol.Geol12 (% 9HR5-352 .

N atbnal Ihstitt of Stndads and Technobgy, N BT, ¢ lrem sty || ek ook, 2014.

htipAve bbook nstopv£Lrem sty Al il /.

JM Eheal,Economiies, n:Reservor Sty DN P ewokum Idu sty P eSS, e gng,3nd

ed Q002),mP-145-151 .

X E_RefinpLKM _Keraen, X _Le ( alez , KM afi rtg, hegratbn of hyl ra iEally

nduced mEose BME eventbcatbns wihatie e BN atirbi €s:A N orhTexash anett

Shak cese sttdy,Geopysesi7 Q012)KS1-KS12 .

E _N ovoty, P ropoent tansjort, n-P roceed ngs of te 52nd A nnu all Fall Technkal

( onference and Exhibitibn of te Soc 'ty of P ewroku m Engieers,Vol2 ,Denver, 942

Ocber, 1977 .



Figure list

FOrl Bt

Fig-1 Schematk of te vl alkatibn chenre Isinu lBbrand hiohrsyeed camerasysem .

F.2 ( omparsons of te ve be ks and d spkcement from e measl r_d ad nimercalies k.
The partk b densily and d iEmetrae 3120 ko’ and 0 641 mm ,espectice . The €mpeate,
pessi e axd fbw rak of SC £ 0, ae 459 ,10 96 M Paand 1085mA,espectie l/.@

( ompearson of te ve be iEs from te measi red and numercalres I N te obse watbn w nd ow
rengg .Tre mid b Eﬁa‘p)ht‘epesenths nmercales ,axd te scatkred ppint @
representte measi el ks @) omparson of te d Bpkcement from e measl 1ed an

n mercales s nte cbsewatbnwindow renge -The 1 geroint B repesentie cakbu BEd
SC £ 0, d splcement,whih Bused ss arference . The mid B poins @ rpesentée nimertal

pat@ b d Bplcementand te bwerpoint A epessntte ex e rmentlpat@ b d spkcement

F.3( aku Bed patx b ve be iy and d splcementw ihand wilhou 88 essetforce _The partt B
density and d iEmetrae 3120 koM’ and 0 6 mm ,espectie iy The €mpEEL e pess e and fbw
rak of SC £ 0, ae 120 T ,50MPaad 1 mié,espective iy).@C aku BEd partx b ve be ity w ih ax
wiltho 88 essetforce _The u gerpont B epesentte caku BEd partt B ve be ity w o 68 ssset
force .Tre bwerpoint @ kpesentie cabu el patt b ve be ity w ihB assetforce - @)

( abu Bed pat B d BpEcementw ihax w ol 8 essetforce _The i gzrponts B kepesentie
caku BEd SC £ 0, d splcementwhih Bused s arference _-Tre mid B pont @ rpesentte
caku BEd patt b d spEcementw o 8 assetforce ,ad e bwerpint A repesentte

caku Bl partx b d splcementw BB assetforce -



Fp4P atx b siipoee ve be ity and d splcementin SC € 0, undervariou s fbw rak cond mibns _The
parti b densily and d Emetrae 3120 koM and 0 6mm ,respectie . The €Emperat e and
pessiie of SC £ 0, a. 120 T and SO M P a,espectie /- @P att b skyoece vebc iy NSC £ 0,
undervariou s fbw rak cond #ibns . The fbw raks from tpobbotbomae25m4 W,20 M4 @,
15mA A LOmMA Y au 05mh¢ @) att b skpexr d Bplcementin SC £ 0, undervariu s
fbw rak cond #ibns . Tre fbw raks from tpobbotbomae25m4 W,20m4 @ ,15m4b A 10

mA VY axd 0 5mAC .

FD.5F atx b sigoee d spkcementi ndervamu s SC £ 0, densily and v icosity cond #ibns -The
parti b densily and d Emetrae 3120 kosh® and 0 6 mm ,lespective - @P artk b sBpece

d splcementundervamuisSC £ 0, densiycond mbns _The vscosily ad fbw rak of SC £ 0, ae
0068 mP asan 1 m&,respectively_The SC £ 0, densitks from bp b botbm are 300 kyh® W
500 koyh® @ 100 koah® A ,900 koh® ¥ and 1100 koh® < _@)P arti B sEopece d Bplcement
undervariis St 4 0, viscosity cond iibns . The densily and fbw rak of SC 4 0, ae 16368 ko’
ad 1 mA,espective . Tre SC £ 0, viscosites from tpbbotom ae 0 01 mPas W ,0 1 mP as

@.)0mPas A, J00mPas ¥ ax 1000 mP as

Fip-6( ompar®on of te partk b slooece ve be iy and d splkcementin SC € 0, and wakr_The
parti b densily and d Emetrae 3120 ko and 0 6 mm ,respectie b The €Emperat e and
pressire of SC £ 0, ae 120 € axd S0 M P a,lesectie by The densily and vEcosily of wakrae
1000 koh® end 1 mP as,lespective ly_The fbw raks ae bothl m4_@C omperion of te partk b

sipece vebcitly NSC £ 0, ad waer_Tre B ot repesentée sliyoece vebciies NSC £0,,



and te @ ponk repesentie sipoece ve be ks nwakr- @) omparson of te partt b sEpee

d splEcementin SC £ 0, and wakr_Tre u gerpont B epesentte siopoece d Bplcement N

SC £0,,and € bwerpont @ rpesntie sy d Bpkcement hwakr.



abewl uonnjosal ybiy peojumop 031 aiay %2110
T 2inbi4



Figure 2 (a)

(@)
1.5
1.2 | 0% o
B O %% T
b Tl b= i, I 19 llolTT Il 11 |7, | T | I||I||

~ S o L " I w-n "I I" III||II"|! is I""|II |||" IIII||
2 09 2l 19% e ..
2
S 0.6
©
>

0.3 |

0.0 ! : . - !

0.13 0.14 0.15 0.16
Time (s)



Figure 2 (b)
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Figure 3 (a)
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Figure 3 (b)

Particle displacement (m)
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Figure 4 (a)

Slippage Velocity (m/s)
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Figure 5 (a)
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Figure 5 (b)

Slippage Displacement (m)
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Figure 6 (a)

Slippage Velocity (m/s)
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Figure 6 (b)

Slippage Displacement (m)
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Table 1

Table 1

Experimental measured particle average velocity and slippage displacement

» roppentzond itbn SC £ 0, cond #bn Avere A verap
No. perte b sopee

vebcily d Bplcement
pp /KO3 d, /mm T/® PAlPa vi/mk mA m

1 3120 03086 459 10 96 1085 0 991 00208
2 3120 03086 4 5 10 91 0 920 0821 00175
3 3120 03086 461 I 1284 1204 00294
4 3120 03086 40 § 1789 1087 0924 00341
5 263 04250185 430 §89 0 9% 0843 0019
6 2630 04259885 444 § 21 1170 1026 00135
1 2630 04259885 462 95 1025 0964 00250
§ 263 04250185 36 789 1128 0 992 00303




Table 2

Table 2

Velocity and displacement comparisons between measured and numerical results..

P ropgentcond ®ibn

SC £ 0, cond Mbn

A verace A verace
vebcily d Bplcement

No- enor enor
po AGMS  dp/mm T/® PAPa  vi/nk % %
1 3120 0386 459 10 96 1085 § 23 169
2 3120 0386 45 10 91 0 920 405 35
3 3120 0386 461 95 1284 140 430
4 3120 0386 40 § 1789 1087 53 549
5 263 04250485 430 §89 095 415 441
6 263 04250485 444 § 27 1170 195 125
1 263 04250485 462 95 1025 635 2 96
§ 263 04250485 36 189 112§ 34 205
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