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crude ail and leads 1o the visconity reduction Widle this

reduction s not permanent. i i witsble for
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1. Inrroductios

Lowerng the viscosity of crade oil i imporman! m the oil
mdustry. It is especially imporant for transporting offsbore oil
rildﬂpir-upbﬂhin.ﬂmudmh-vrmw
mumhmm-rﬂmmmm
Criade oal's VisCouity becomes irgent The deepiater papelines
bave soune imique siftuations The texmperatiore is wiable, bui
quite bow, making the crade oil very viscom Hemmg the oil
underves, if pot ampossibile, i af lenst moch more difficul than
s on teé Eroand. The sobution i thin & new techmology that
reduces the viscosity of crude ofl with o requirement fo raise
mm.mmwmmmm
for several years. unforrumately. to date there i no effective
wolsition yet!

In thin paper, we will show that applicstion of & szitable
magnetic feld pulse of electric field pulse can uignificanily
mmmumwhmmww.
for paraffis-base crade oil. we can use » magnetic field pualse
%o redace its viscoulty, while. for asphabi-base cride ofl or mined-
mmﬂmmhmmm-ﬂﬂmﬂuﬂm
of the crsde oil: meesd § BepoTary” nggregales paraffin
particles o asphaliene particles maide the crade oil ke large
mﬁmwmhmm
armmmmhdmhwmﬁm Whiile ihis
viscosity reduaction is nof permanent. it tasts for severa] hosrs
and 1 repeatalile mnmhhhmrhmuwmlh-
tons, ststh as oil tramsport vin deepwater pipelnes

The curren! papey is organized as follows In section 2 we
ﬂmmwmmmmum
reduction method. The experanents and results are in section
). Fimally. we will have discusaions iz section 4
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(ah Visroury verin volaee facnon acd parmcie wre for monodipened
suspemsisas. () Viscouty verss particle volusse fraction and paricle
urd Aitnibobon for cuspemions of § binery use datnbunon The
jpastar ke-apre mbi ja 3

o @ = 1%, & ssprmioo of 10.0 jm particles hay 8 viseasmy ouly
239 ol the viscosiry of & wuspenson of 0.08 s partcles ¥ A
mprcal formmiks was propoved o bave the efective maximem
packing fraction oy incremed with the particle size in ref 5. 1dg
= |079 + exp{0.01008TN + ?&m}mﬂ. where I by the
pasticle diameter o mucromerers. While o profound thesey for thiv
wre effect i anill Inciang, the g paalitative explanancn bels
ot undortanding. mm: viieowiry depends oo

dnmburica, the iy reduoni (Figuare 1bi wl @
E 5P when this rabio rescles 111, the viscoiry i Bicee

m"‘ﬁﬁ"ﬂ" then thacken this | tmie. = el = i
bt TRl goid M which s lower than thar of a
vinpemsinn: of widonn wunall parsecles with volmne Faction &, -
&
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ndddition, experizneni alu dhow

Iy maleity thadt s How chrowugh capidiary
ﬂuhl&%hfmﬂmﬂ#ﬂhlﬂrwmh
h}:ﬂulﬁluhqrhhpnﬁhuhﬂmdmm
of the mbs 1*

I is chear from the above beckground that aggregating sl
partscles iato larpe coes @ o bgmd wispesnion will reduce Fhe
mmmmmum-mmmhmm
Iﬁ:lldlwtprm:-hrmhrd' with eatlser an eleomic ar magnets
i

Wtiwmhmnni:ﬁuuhu:.h:hm[h}mwht
mth-:uudhnhnn-i:ﬁh‘.w:u-mdumm
Mﬁﬂhﬁiﬂnhdﬂﬁﬂfﬁmmﬂfhhm
In » magnetc Beld the partiches wre polarized alovg the field
mwnmnmmdﬁus_mq‘k

moomeny i M = = PRy = L where B the magneiic
el seting o the The wiosctcs between twe indaccd
magmetic d ikes O = gl = Joow i), whene r i ithear

divimnce sed # is the augle between the ficld and the lin jomang
the taw depoles. I (s MbETRCR i% Mrong encugh fo overcoms
hmmmmwmﬂmhhﬁlﬂ
dunection. meilmmhﬂﬁﬂnwﬂb
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ﬂmuéh:muhmﬁnuqhiﬂ:hmﬁdﬂwwn
i well-lserwy plienomensn is (MR} fhicly md
electorhealogical (ER) fhads -

On the other hund, if the spplied magsene ficld is m wach »

chusters are of lnises ﬁu.;:.in:h:mm’ reugs Although
bave their wire incremsed. During the application of Beld the
vttty changes rapidly, However, afier the mapisetic field iy
turned off. the suspensson hai o reduced viseouity. This reflects
Hhhlﬂhhtﬂhﬂiﬂﬁﬂmhlﬂr_hjﬂlﬂ-
s diitnbution iv cluaged: ihere are nuwe large pariche. and
the palydisperity is abo mereased

T v irsportamt 1o note that this viscosity rediaction method does

mot comie from & change of the "% tempemanme. The
mhmmwm vidusne Fraction &
mereases. The elecmic or magnetic field pulse is thin mere cfectiy e
s demse vunpenviow tlan m dihne soes

Lrlmmul--m-uuuptﬁrﬁnummmm
chassers. For particle mamber dessiry n, the typi parstsog
berween nve neighboning particles i abour n~"" ind their dipalar

isteraction iv shouw gy, This interaction mimt evercome the
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Figure 3. MR D after pulsed magnetic field exporre (a) Plot thowing the viseoiry of an MR flmd wisch decoessed to 458 ¢ from 550 cp

afier applyeng o magnenc field of 015 T for 3 uus It then pradmlly wens up 1o retur 1o the ongmal

srduction afver e apphication of & magueter forld pubie which depends o the pube durstion, wheel vaswes from D 4 & 10 mus {c} Plow: showies

particle whach hay the s about 24w i ol

thermal Browmian motion i order 1o pull tbem ogether. Then, i
is required 1o have wens/ (T} 2 1, where by is the Bolermiann
constant and T is the sbaohoe remperatiee. Hence, we obrain the
crtsead faeld

= Tl o, + 2010’0, - ]l 2

To champe the viscosity of the ligmd suspension, the applad
maguetic feld cannot be bower thas B, It s quite &ifferent fom
ER and MR fuids. where this rateo raer'n (g T excends hmdreds
Here, we ondy require that the dipolar mhernction is pot weaker
thiais the tbermal motea

Now, let o eutimane the pube disabon. The foce
besween mwo peighboring particles i about fapn'n®® Froa thas
force and the Stoke’s drag force GaTh. we estimate the pamicle's
wverage welosry o = wmew’ Vel The e required for o
petghboning pamicle fo come topeiber i shoan

ey '”'-'p--.-rw' - lﬂﬂ’.'[}q-: }-j{n. - ul_'l-:lfﬁf {2.4)

If the magnetc field pulse iv nunch «borer than r, theie i
s ufiaciont time for the nggrepation. I8 the pulse bits moch longer
thas f, meciossopis chams ussy be formed to jam the flew
unfavorable for vivcowty rechiction. Thos, io reduce e veecosary.
the prulse durstion should be om te of ordes 1

Te spply e above squations for the electrie field cave. we culy
nﬂdmrqiﬂilhmlpﬂi:pnmnhllnhrﬂurhﬁﬂh‘t
ditlecns comtant. The sppregated particles are usmlly elonguied

field pube dursticn, the avivage site of apgregied pasiscles et Lirper and Luger (d) Preture of m spgreamed

along the field direction. " The viscosiny ean the be fiuther pedisced
if the flow and the field direction are paralic]

After the field is umed off. the depolar mreracrion disappean
and the apgreyated partches pradadly disseible mder the Brown-
o metion. Therefore, the vnconity hxﬂpﬂn'm padually
and wnll retom o the argisal valise all agpgregmed particles
dynentegrase. Let o esbmaste the rime interval for the
redusticn. 1o the abgice of piher difurbances. usch o thow im w
stakic or & comiant flow ute, the panticles i the wapension sparate
deffsively ooly doe 1o the Brownisn motion with & diffuskon
constant kyFidTansl Tws spheres of rmdius 8 which sre inally
it comtact diffuse aparr by a dvtance of @ in » time iserval daa'py
Ukead Wirdi @ = 3 i amd g = | P, thaw estimased time v abous
< b o room tenperatune. Therefore, this divembling process is
slow and the vinceniry redaction lasts for weverd boury. long enough
for many muportant spplacene.

After all aggregaced parnicles are dramtegrated. the svpenvion
returns to the cheodogical ware prior 10 the magnetsc trestment. Ths
the viscodiry remune B the onginal value Respplication of the
magnetic field prlie will again reduce the viscosiry. The process
i pepestable

A Experiments snd Resolts

L1 Test with Magnetorbestogics] Fluids. As & 164 of the
sbove theory, we find conducied experimenty witli & dilige

(17 Poomslos. | H B Gase & P Lanpsir 1996, 15 (17) 4005~
4103
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magnetorhenlogical Muid of iron nanoparticles of diameter 35 -
WﬁhmMEm:nllMir‘mpﬂﬁ:Iumwm—d:w
bymﬂd:ﬁuﬂ*amnmﬁrnﬁumtmcmrh
particle mirface. The vohune fraction was ¢ = 9% The MR
Mwuum:hﬂhﬂ:wnﬁ-mmlﬁmnr:}!
:rmhdni-mu}-nl'llﬁnpmmm-ﬂm viscouscier
at |0 rotations per min (rpm) It is well-known that for sich
mmmmwmmwmmm
and the stronger the nagnetic field is, e higher the effective
viscouity. ' However, after applying & magnetic feld paise of
DJ!Tﬁnﬁmﬂnlwmir}ln[hhmﬂ:ﬂM‘:uudm
406 cP Then, the viscosiry gradually went i (Figare 1a) Afer
<40 wmin, the viscouty was up 1o T80 cP but wa il bowwer
Buan BEO . After |2 I the viscosity was back fo the criginal
value As shown in Figwe b, the Viscosity night afber
application of » Iﬂlﬁ:ﬂ:l‘bﬂdpﬂh:ﬂlpm:hdmlhpﬂu
ifiration memmmmmmmmme
e uacimiem viseouity rediction, We mieasured the average
size of (he Appregated magnetic puticle chites, wisicl were
smilar o ellipsoids ' To see the chten clearly, we iwied a
mare dilite MR fusd of ¢ = 1% After a I=% pulve of 0,38 T
it 30— 400 izzn pariaches aggregared into climhen with an aversge
size of 9.9 o after o li-second pulie. it was about 15.4 um
= w0 om (Figure Acj. The increniing average clhmsber size ed
mhummmmuhﬂpnuunwm
were simuler o We note that from eq 2.3, i, should
be 0.07 and 0.01 Tlr = Paand ¢ = 1, reipectively, Our
applied ficlds bere were slightly stronger than the estiznstions
rmlumnmmmkmaummhmr
A:.m:ﬂmmmrmd1ﬂmn}-ﬁuq:.‘. which s
close To the mseasired vabg
H.Pﬂﬂh-lﬂ(rmmtmuﬂullﬂhcdmn}'
different molecules Guoline and diesel. the liquid made of
unall molecules, have very low viscositien. If we treat the re:
of the large molsenles as particles W such a Jow
sty Rguid. the crude ofl is a liqusd suspension I paraffin-
Mumnitnlhwmlhmmcwa s madmly

It dﬂmtmnpnmnmhnnﬂhp:rﬁqm
have different magneric permeability froos the volvent.* which
14 stfficient for our viscouty reduction inethod Different from
ER and MR fuids, e msethod doss 0ot requine a virong dipola
imteraction. While all ER and MR fhids require the particle's
diglectric constant or mupnetic

redhice the viscouty effectively.

Thrﬂacrnhmﬂmﬂﬂduhummyurmmin
nwm-hﬂ'mmmnwmmw
ﬁﬂdmﬂuﬂhrﬂum&-dmﬂgnﬂ.l'mwm
1ﬂm:.‘tm!mﬁ:-md1hnlluuumﬂfhrrdmdh
vrcosity ™ Applying the above proposed theory. we are able
to clanify this controvensy. Especially, from the theory, the
amwwﬂwﬂwmmmmmm:w
o srong magnetic fzld for & long time but decreases afier a
shof! magnetic field pale i applied. Our expériinent verified
it
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Figure 4. UL sdapter comuhng of preciaon oylindncal spandle
Wmﬂumh'w-hrumhhﬂm
scurmiely D eho hms ru-nmupraﬂlrmmw
edntral

Thmhn!mmnmmmhmmm
MIMMNM Sioce it was of light
cnade oil with low visconary, we osed 3 Brookfield viscomete
LVDV-I+ and a Ultra Low (UL) adapeer for Hie expeniment
nuL'I-alq:mmmnthnpm\hm:rEndrmlm
wmmmmﬁﬂrwmmmﬂm
Sty and hav o water jncken o provide precise tempeninre
conitrod (Figure 41 Dumng the experiment inchuding spplication
urmwmﬁrummmma:umm_m
and was maintained 5t the desared temiperatiare,

The viscosiny of cnude o imnunhmm
dawn. For peraff-bae crode odl, whetl b lensperanme passes
A cnincal temperatire, paraffin begina 1o erytallize o timy
Partiches unld:mtmﬂrmlmhh;lhtnmlymm
faster, This critical lemperanure i uaally called e war
Eppeariine leziperaiate (WAT) Froem fhe viscouity measianesens
of oig sample, the curve of Viscosity verin temperatue had 5
vope change around 17 *C (Figure %) This indicared that our
sample had 5 WAT sround 17 ¢, I the tewmperanre weur below
| b T.mpﬁﬁt‘hhmmwumr-iwdﬁ-ﬂum
[mu..luhmuuﬁms.mlhpeﬂ:qnhb“huﬁ:
hmmmmﬂutmmﬂhmhhm
Wit oot ldgh. sbout 3—4% in weight. Our ERpermmen with
mapmetic eld wa conducted ot 10 *C, 7 °C below the WAT
1o e the existence of wax particles tade ihe crsde oil

A.uhw-nmrime..mnimwurmrnnmhwn 4007
€F 01 10 °C. |1 decresned o 33.] eP afler o magmetic field of

sown in Figure & was reprodiced

As wsual. crude otl i nof 8 Newtonian Auid The Viscouihy
declinies &s e shear mate mcreaes In ieassrements wath our
Vicameter. a1 a hightt rpm. the wmple's effective Visgoulty
Wi sazaller than that ot 2 low rpm The result of Figure & was
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Figure 6. Viscousy of the crude oil semple &t 16 C
and 10 rpe which was down to §3.1 <P from #0.97 oP afler apphyg
o mbgmeter field of 133 T for 50« Aferward. the vivrouty gruduadly
went up io reee o the onpual theologwal tate

tar 10 et However, the viscosily reduchon aftes application
of a magsstic feld pulse waa present for all diffesent rozaticnal
apeeih

1.3 Asphai-Base Crude Ol The Shell Company provided
0 wumple of msplali-base ermde oil from Califomis for ow
ekpenmient. Since asphall ki & very high meltng temperatare,
M oroom lemperanire. the asphal in the code oil absorbs
asaifure asd solidifies mfo asphalbene particles. Ay & tewalt,
the viscosity of asphale-base crude ol §s very semsitive to
tenapsrate. When 1he lemperahire poed lower, ibe viscoury
of sphali-bese crode ofl comtinuomly meremes quickly.
However. diflferent fom the case of pamffin-base crisde otl, the
curve of viscosity veri temperanare for asphalt-base crude odl
is wisilly smeoth and has oo apparent alope change

Wi applied & msguetic fleld pibue w the asplisl-bons crisde
ol aod foumd thar the magnetic field pulse redoced the appasent
visconity, but il effect was misch weaker thon that for pamifin-
base crude il The reason naay be antribubed 1o the fact that
nsphalt iv mauich less semuitive 10 & magnetic field than paraffin
particles are. It should be moted fs most crode ol prodneed
in North Anserica is asphabi-based. This may be the rewson that
o feshs i the UPSA foctsd that & magmetic field hod oo effect
on crude odl "y viseosiny.!

We pote thad, ou the other band svphall has 8 dislectne
conatan! of 2.7, higher than tlaat for the rest of the ails. which
poabou 20—-22 The absorbed mobsnme m the asphaliene

Fio and Xu

Figure 7. Cagullary viusometer used to deteresns & " Vinoouly
by esemsuring the tme mierval for e homd level ta frim mark
D i mark F under grmaty

high A1 235 “C. ot bad » kinetic viscoury of 7738 ¢S5t To
have & precive menmpedseil and to wimilate the oil fow in
pipelines. we used & capillary viscometer inuead (Figure 7).

From e 24 and eq) 2.5, we eitmated that the critical electnc
fheld was aboat 0.9 kK\yum and the duration ¢ was a conple of
woonds. Therefore. we made & capacitor with fwo metallic
meshes (Figure B} and inserted the capacitor in the odl fow
pach. wincts wis commected 1o tbe G of the capllary viscometer
to fill iss reservodr (Figure 7). A high volage was applied ou
e a0 electrodes 1o prodoce an elecing field of 1000 %/uam
paralle] 1o the Mow dizection. The ail flow ook abowt 8 5 1o
pass throuh the fwo medi-electrodes, correspanding 1o an 8-4
electng fiedd pulie The cwrrew! passing the capacitor during
the experiment wws very low. sbout 1 aA This mdicated tha
the porwer consiimption Wik only aboui | mW, toa low 1o mise
ibe temperature of the crude oil. However, o svoid mixing any
VisConity clamge due 1o the femperange change with the prevens
vERCosily reduchion method, we nsininined e oil sample af
253 °C ns ihe whole viwometer and the oil flow pardy were
mmmersed in 8 oomvians femgpeeminee bath

The rypical resulis are shown i Fipiare §. Ar 23 2 °C, the oil
ssingie ongmally kad o kinetic viscoainy 773.8 c51. The kinetic
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Figurr #, Hmrmﬂwmmwmu
253 mebﬁﬂsmmﬂilﬁuﬁﬁm-

h-ﬁcﬁmqmum.scﬂuﬂlmdtmum;ﬁ-t
valoe. It abo ool abois B h for the oil saample fo recover ihe
original Viscoukty

The result in Frgure 9§ was froen & direct cuemnt {de ) ebectric
field We abso tevted with an alveraating Ciurrenl (ag) electnc
field pulse of 100 Hr and found a umilar viscosiy reduction
hwmmmm.w.mum#mm
mmﬂmhwmmmhww
wmmwmmummm-
wwries tesli. Al the optimal sifstion. the viscouity of heavy
asphalr-base crude oil masy be redoced more

4. Diveusans

mﬂmmhmmh.nmmmh
expeinents wilh mixed-hase crude off Thevefore, we applied
hﬁmvﬂﬂhﬁrﬂulﬂmﬂnﬂuﬂmﬂpﬁﬂﬂn—m
nﬁtﬁluﬂhﬁdﬂﬂr:ﬁ:ﬁhﬂpﬂumﬂﬂm
mmmmmqﬂmmﬂm:mum
From these resalte. we are confident that the ebectric field
mmmmﬁmﬁﬂmmmmn
im.hﬂ!nhhﬂd.ﬂmmmﬁlw
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fekd win found 1o have weak effect on smphali-base crude oil
Therefore, the de magnetic fiekd may have some e effece
oa imixed-hase crude ol

A}Mﬁmﬁmlymmhlﬂm.nm
mﬂmh-mﬂhwmwldm
Fww.hwmtuummm
e crude ol flows abesit 3 midesh Therefore, afier one
application of an electnc field or magnetic field, the crmde o
:ﬂﬁlﬂmm‘nﬂtﬁhlﬂﬂuh"ﬁmmmm
Ruppﬁuﬂmnfﬂuumﬂmumhmymhdph
Tramporting the cmde oil effectively

The dark black colos of crwde o5 prevenied o from
:um;urwmmmnh
muwmmuumm.mmumyu
wmhnwdlmmmmm
wutmmmﬁlmwm#ﬁmﬂ
wm&dﬂuwﬁhhmmﬂ;uﬁuhw
for crude ol

hmm;ﬂmm.mmumlmm
:h:nplﬁ:ﬂﬂdmh:dhu&uﬂm}-lnm.mm
ﬁmmuqhuﬁmm}'mnﬁﬂhmu
wﬁuﬁmrmhnuﬁlw:hnnhuﬂ-hn“mm
1 ahways somie waler comtent imide ssphali-base crude ail. and

mmuwmﬂmmmnmq
ehecitrodes imide the oil do pot cane any fire becaise there 1
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