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A method with pulsed electric or magnetic field to reduce the viscosity of crude oil is developed. Specifically,
for paraffin-base crude oil, a magnetic field pulse can effectively reduce its viscosity for several hours, while,
for asphalt-base crude oil or mixed-base crude oil, an electric field pulse can do the same. The method does
not change the temperature of the crude oil; instead, it temporary aggregates paraffin particles or asphaltene
particles inside the crude oil into large ones. This particle aggregation changes the rheological property of the
crude oil and leads to the viscosity reduction. While this viscosity reduction is not permanent, it is suitable for
many important applications, such as oil transport via deepwater pipelines, since it lasts for several hours and
is repeatable.

1. Introduction 2. Proposed Physical Mechanism

. . . S . . Einstein first studied a dilute liquid suspension of noninteracting
Lowering the viscosity of crude oil is important in the oil uniform spheres in a base liquid of viscosiy.2 The apparent

industry. Itis especially important for transporting offshore oil \iscosity; was found,

via deepwater pipelines. As more and more heavy crude oll

will be produced in the future, a reliable technology to lower n =101+ 2.50) (2.1)
crude oil's viscosity becomes urgent. The deepwater pipelines

have some unique situations: The temperature is stable, butfor the volume fraction of the sphergs < 0.01. Batchelor and
quite low, making the crude oil very viscous. Heating the oil Others derived the second correction for the dilute édse.
undersea, if not impossible, is at least much more difficult than  FOF high¢, we must consider the maximum volume fraction,

- S ¢m, to be available for adding particles. For liquid suspensigps,
itis on the ground. The solution is thus a new technology that is about 0.64, smaller than 0.74, the maximum packing fraction of

reduces the viscosity of crude oil with no requirement to raise 4 face-centered cubic (fcc) lattice. When we agd/dlume fraction
its temperature. While this issue has received much attentionof spheres to a liquid suspension of volume fractignthe net
for several years, unfortunately, to date there is no effective available volume fraction to add spheres is only-1¢/¢m; the
solution yett v[scosity inc_reas‘igwquld_ be dj/n = 2.5dp/(1 — ¢/<§n52. He_nce at
In this paper, we will show that application of a suitable ggﬂgqjhé?ti le]stf;)dsl:tgég ?ﬁ\éeir;ltt;%/snig;igosigﬁfo . Krieger-
magnetic field pulse or electric field pulse can significantly
reduce the viscosity of crude oil for several hours. Specifically, nie= (1 — ¢lep, ) o (2.2)
for paraffin-base crude oil, we can use a magnetic field pulse

to reduce its viscosity, while, for asphalt-base crude oil or mixed- which enables us to estimate the viscosity for particles of any shape
base crude oil, we can do the same with an electric field pulse. by choosing a suitable;[.6 For example, ] = 5/2 for spherical
This viscosity reduction method does not change the temperatureparticles and ] = 5.8 for glass plates.While [7] changes

of the crude oil; instead, it temporary aggregates paraffin Significantly for particles of different shapes, the produgi¢f
particles or asphaltene particles inside the crude oil into large almost remains a constant, close to 1.9.

Th icl . h he rheological At a high ¢, the particle size distribution has a strong effect on
ones. The particle aggregation changes the rheological propertyy,q yiscosity. There are substantial experiments on monodispersed

of the crude oil and leads to the viscosity reduction. While this syspensions of particles on the order of micrometers and submi-
viscosity reduction is not permanent, it lasts for several hours crometers, showing that, at constanthe viscosity goes down as
and is repeatable. This is suitable for many important applica- the particle size increas&8As shown in Figure 1a, for example,

tions, such as oil transport via deepwater pipelines.

. . . (2) Einstein, A.Ann. Phys1905 17 (4), 549;1906 19 (289), 371.
The current paper is organized as follows. In section 2, we  (3) Russel, W. B.; Saville, D. A.; Schowalter, W. Golloidal Dispersion
will discuss the proposed physical mechanism for this viscosity Ca(fg)fBld?ehUlnlvecf‘slt}z'JPfFelSS,a ’\CAamhbggg?sls‘»?%l; Plplﬂ;lm-
. . . . atchelor, G. (Y]] ecn. A 3 - .
redu_ctlon methqd. The e_xperlments_and rgsults are in section (5) Mooney, M.J. Colloid Sci.1951, 6, 162.
3. Finally, we will have discussions in section 4. (6) Krieger, I. M.; Dougherty, T. JTans. Soc. Rheoll959 3, 137—
152.
(7) Barnes, H. A.; Hutton, J. F.; Walters, Kn introduction to rheology
*To whom all correspondence should be addressed. Phone: 215.204.7651Elsevier: Amsterdam, 1989; pp 11927.
Fax: 215.204.5652. E-mail: rtao@temple.edu. (8) Matsumoto, S.; Sherman, P.Colloid, Interface Scil969 30, 525—
(1) Von Flatern, ROffshore1997 57 (N3), 28-31. 536.
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2'; c Figure 2. Image depicting liquid flow. In ER and MR fluids, the
1 ] dipolar interaction is strong. If the field keeps on, the particles form
000 002 004 006 008 010 012 014 016 chains along the field direction, which may jam the liquid flow.
Volume Fraction . . . .
¢ In addition, experiments also show that in flow through capillary
25 tubes the viscosity is further reduced for large suspended particles
1 ® . because of a tendency for large particles to migrate toward the center
of the tubel®
20 It is clear from the above background that aggregating small
~ 1 — m— No large particles particles into large ones in a liquid suspension will reduce the
£ o 20% %I P tich effective viscosity whilep remains the same. For most suspensions,
> 15.] o ot large pa !c es this aggregation can be realized with either an electric or magnetic
= ] —A— 40% of large particles field.
.g —— 50% of large particles A We discuss the magnetic field here, but the same physics applies
> 10.] < * to the case of the electric field. We assume that the magnetic
,2 ] permeabilityu, of the particles is different from; of the base liquid.
S ] In a magnetic field, the particles are polarized along the field
X direction. If the particles are uniform spheres of radiuthe dipole
57 moment ish = Ha3(up — us)/(up + 2us), whereH is the magnetic
field acting on the sphere. The interaction between two induced
' , , : : : magnetic dipoles taked = um?(1 — 3cog0)/r3, wherer is their

03
Volume Fraction ¢
Figure 1. Effect of particle size and size distribution on the viscosity.
(a) Viscosity versus volume fraction and particle size for monodispersed
suspensions. (b) Viscosity versus particle volume fraction and particle
size distribution for suspensions of a binary size distribution. The
particle-size ratio is 5:1.

0.1 0.2 distance and is the angle between the field and the line joining
the two dipoles. If this interaction is strong enough to overcome
the Brownian motion, the particles aggregate and align in the field
direction. If this interaction is very strong, the particles quickly
aggregate into macroscopic chains or columns to jam the liquid
flow and increase the viscosity with the magnetic field (Figure 2),
a well-known phenomenon in magnetorheological (MR) fluids and
electrorheological (ER) fluids:-16

On the other hand, if the applied magnetic field is in such a
short pulse that the dipolar interaction does not have enough time
to affect particles separated by macroscopic distances but has
packing fractionpp, increased with the particle size in ref 8¢/ enough time to assemble nearby ones together, the assembled
= 1.079+ exp(0.01008D) + exp(0.0029?), whereD is the clusters are of limited size, say, in the micrometer range. Although
particle diameter in micrometers. While a profound theory for this some particles may not join the aggregation, the aggregated particles
size effect is still lacking, the following qualitative explanation helps have their size increased. During the application of field, the
our understanding. Generally, the effective viscosity depends on viscosity changes rapidly. However, after the magnetic field is
how much freedom the suspended particles have in the suspensionturned off, the suspension has a reduced viscosity. This reflects
The less freedom for the particles, the faster the energy dissipateghe fact that while the volume fraction remains the same, the particle
and the higher the effective viscosity. The mean free path of the size distribution is changed: there are more large particles, and

at¢ = 15%, a suspension of 10u0n particles has a viscosity only
23.9% of the viscosity of a suspension of 0% particless An
empirical formula was proposed to have the effective maximum

spheres inside the suspension is givenmby a/(3¢), wherea is
the particle radius. Aa gets biggerd becomes longer, indicating

the polydispersity is also increased.
It is important to note that this viscosity reduction method does

that the suspended particles have more freedom to move in thenot come from a change of the suspension’s temperature. The

suspension. Thug; goes down.
The values of¢n, in eq 2.2 also increase with increasing
polydispersity’ For example, when the ratio of large particles to

small particles increases in a suspension of binary particle-size

distribution, the viscosity reduces significantly (Figure 1b):¢at

reduction becomes more pronounced as the volume fragtion
increases. The electric or magnetic field pulse is thus more effective
in dense suspensions than in dilute ones.

Let us estimate the minimum magnetic fiétd required to form
clusters. For particle number density the typical separation

> 50%, when this ratio reaches 1:1, the viscosity is reduced more between two neighboring particles is about/® and their dipolar
than 50% from the monodisperse case. A qualitative explanation interaction is aboutr’nus. This interaction must overcome the

is as follows: for a binary particle-size distribution, we can consider

that the small particles thicken the continuous phase and the next-

size-up particles then thicken this phase; hemces 7o(1 — ¢4/
Om1) (1l — @olpmz) [7A%m2, which is lower than that of a
suspension of uniform small particles with volume fractipn+
@2.

(9) Thomas, D. GJ. Colloid Sci 1965 20, 267—277.

(10) Serge, G.; Silibergerg, Al Fluid Mech 1951, 14, 86.

(11) Tao, R.; Sun, J. MPhys. Re. Lett. 1991, 67, 398-341.

(12) Tao, R.J. Phys.: Condens. Matt&001, V13 R979.

(13) Whittle, M.; Bullough, W. A.Nature 1992 358 373.

(14) Halsey, T. CSciencel992 258 761-766.

(15) Carlson, J. D.; Weiss, K. D. Magnetorheological materials based
on alloy particles. U.S. Patent 5,382,373, 1995.

(16) Ginder, J. M.; Davis, L. CAppl. Phys. Lett1994 65, 3410-3412.
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Figure 3. MR fluid after pulsed magnetic field exposure. (a) Plot showing the viscosity of an MR fluid which decreased to 496 cP from 880 cP
after applying a magnetic field of 0.15 T for 5 min. It then gradually went up to return to the original rheological state. (b) Plot of the viscosity
reduction after the application of a magnetic field pulse which depends on the pulse duration, which vari@sfto 10min. (c) Plow showing

that, with an increase of the magnetic field pulse duration, the average size of aggregated particles gets larger and larger. (d) Picture ¢édn aggrega
particle, which has the longitudinal axis about2% in total.

thermal Brownian motion in order to pull them together. Then, it along the field directiod? The viscosity can thus be further reduced

is required to haveun?n/(kgT) = 1, wherekg is the Boltzmann if the flow and the field direction are parallel.
constant and’ is the absolute temperature. Hence, we obtain the  After the field is turned off, the dipolar interaction disappears
critical field and the aggregated particles gradually dissemble under the Brown-
ian motion. Therefore, the viscosity is expected to increase gradually
= [kBT/(an)]Upr + Zﬂf)/[a?’(,up — u))] (2.3) and will return to the original value after all aggregated particles

disintegrate. Let us estimate the time interval for the viscosity
reduction. In the absence of other disturbances, such as those in a
static or a constant flow state, the particles in the suspension separate
diffusively only due to the Brownian motion with a diffusion
constantgT/(6rrang). Two spheres of radiua which are initially

in contact diffuse apart by a distanceaoh a time interval Za3;o/

(ksT). With a = 3 um and#no = 1 P, this estimated time is about

2 h at room temperature. Therefore, this dissembling process is
slow and the viscosity reduction lasts for several hours, long enough
for many important applications.

After all aggregated particles are disintegrated, the suspension
returns to the rheological state prior to the magnetic treatment. Thus,
1 5 5105 - the visqosi_ty returns to the priginal value. _Reap_plication of the
=n""v = mno(u, + 2u)Mun™"a(u, — 1) H]  (2.4) magnetic field pulse will again reduce the viscosity. The process

is repeatable.

To change the viscosity of the liquid suspension, the applied
magnetic field cannot be lower thad. It is quite different from

ER and MR fluids, where this ratigm?n/(kgT) exceeds hundreds.
Here, we only require that the dipolar interaction is not weaker
than the thermal motion.

Now, let us estimate the required pulse duration. The force
between two neighboring particles is aboutr?n*3. From this
force and the Stoke’s drag forcesiyov, we estimate the particle’s
average velocity = uim?n*3(rn0a). The time required for two
neighboring particles to come together is about

If the magnetic field pulse is much shorter than there is

insufficient time for the aggregation. If the pulse lasts much longer 3. Experiments and Results

than 7, macroscopic chains may be formed to jam the flow,

unfavorable for viscosity reduction. Thus, to reduce the viscosity, ~ 3.1. Test with Magnetorheological Fluids As a test of the

the pulse duration should be on the of order above theory, we first conducted experiments with a dilute
To apply the above equations for the electric field case, we only

need to replace the magnetic permeability by the respective (17) Promislow, J. H. E.; Gast, A. Rangmuir 1996 12 (17), 4095
dielectric constant. The aggregated particles are usually elongated4102.
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magnetorheological fluid of iron nanoparticles of diameter 35
40 nm in silicon oil. These iron particles were well-dispersed
by the addition of a small amount of surfactant to coat the
particle surface. The volume fraction was= 9%. The MR
fluid was in a thermal bath with a constant temperature of 23.5
°C and had a viscosity of 880 cP on our rotational viscometer
at 10 rotations per min (rpm). It is well-known that, for such
an MR fluid, the viscosity increases in a constant magnetic field
and the stronger the magnetic field is, the higher the effective
viscosity® However, after applying a magnetic field pulse of
0.15 T for 5 min, the viscosity of the MR fluid decreased to
496 cP. Then, the viscosity gradually went up (Figure 3a). After
240 min, the viscosity was up to 780 cP but was still lower
than 880 cP. After 12 h, the viscosity was back to the original
value. As shown in Figure 3b, the viscosity right after
application of a magnetic field pulse depended on the pulse
duration. From 10 to 90 rpm, the 5-min pulse seemed to produce
the maximum viscosity reduction. We measured the average
size of the aggregated magnetic particle clusters, which were
similar to ellipsoidst’ To see the clusters clearly, we used a
more dilute MR fluid ofp = 1%. After a 1-s pulse of 0.38 T,
the 306-40 nm particles aggregated into clusters with an average
size of 9.9um; after a 10-second pulse, it was about 1oM

and so on (Figure 3c). The increasing average cluster size led

to the viscosity reduction. As shown in Figure 3d, the aggregates
were similar to ellipsoids. We note that from eq 28,should

be 0.07 and 0.21 T fap = 9% and¢ = 1%, respectively. Our
applied fields here were slightly stronger than the estimations.

Tao and Xu
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Figure 4. UL adapter consisting of a precision cylindrical spindle
rotating inside an accurately machined tube to measure low viscosity
accurately. It also has a water jacket to provide precise temperature
control.

From the average aggregated particle size, as shown in Figure The sample of paraffin-base crude oil for our experiment was

3c, we calculate the reduced viscosity from eq 2.2, which is
close to the measured value.

3.2. Paraffin-Base Crude Oil.Crude oil is a mixture of many
different molecules. Gasoline and diesel, the liquid made of

from a Sunoco refinery in Philadelphia. Since it was of light
crude oil with low viscosity, we used a Brookfield viscometer
LVDV-II + and a Ultra Low (UL) adapter for the experiment.

The UL adapter consists of a precision cylindrical spindle

small molecules, have very low viscosities. If we treat the rest rotating inside an accurately machined tube to measure viscosity
of the large molecules as suspended particles in such a lowaccurately and has a water jacket to provide precise temperature
viscosity liquid, the crude oil is a liquid suspension. In paraffin- control (Figure 4). During the experiment, including application
base crude oil, at low temperature, the high viscosity is mainly Of the magnetic field, the sample remained inside the UL adapter
due to the suspended paraffin particles. Therefore, the aboveand was maintained at the desired temperature.

proposed theory provides the physical basis for the new method The viscosity of crude oil increases as the temperature goes

to reduce the viscosity of crude oil.

It is determined from experiments that the paraffin particles
have different magnetic permeability from the solv&nhich
is sufficient for our viscosity reduction method. Different from
ER and MR fluids, our method does not require a strong dipolar
interaction. While all ER and MR fluids require the particle’s
dielectric constant or magnetic permeability to be higher than
that of the base liquidt—1® we only require a mismatch here.
Even if the mismatch is small, a strong field pulse can still
reduce the viscosity effectively.

The effect of a magnetic field on the viscosity of crude oil is
very controversial. Some experiments found that the magnetic
field increased the viscosity of crude &llsome reported no
effect! and some found that the magnetic field reduced the
viscosity?® Applying the above proposed theory, we are able

down. For paraffin-base crude oil, when the temperature passes
a critical temperature, paraffin begins to crystallize into tiny
particles inside the crude oil, making the viscosity increase
faster. This critical temperature is usually called the wax
appearing temperature (WAT). From the viscosity measurement
of our sample, the curve of viscosity versus temperature had a
slope change around TT (Figure 5). This indicated that our
sample had a WAT around 2T. If the temperature went below
17 °C, wax particles began to appear and raised the viscosity
faster. As shown in Figure 5, the slope change was not dramatic
for our sample, indicating that the paraffin content in the sample
was not high, about-34% in weight. Our experiment with
magnetic field was conducted at 1G, 7 °C below the WAT
to ensure the existence of wax particles inside the crude oil.
As shown in Figure 6, the viscosity of our sample was 40.97

to clarify this controversy. Especially, from the theory, the CP at 10°C. It decreased to 33.1 cP after a magnetic field of
viscosity of paraffin-base crude oil increases after being exposed!-33 T was applied for 50 s. Afterward, the viscosity gradually
to a strong magnetic field for a long time but decreases after aincreased but remained substantially below the original value

short magnetic field pulse is applied. Our experiment verified 120 min after the application of the magnetic field. The original
it. rheological state was recovered after about 8 h. If we apply the

magnetic field pulse again, the same viscosity reduction pattern
shown in Figure 6 was reproduced.

As usual, crude oil is not a Newtonian fluid. The viscosity
declines as the shear rate increases. In measurements with our
viscometer, at a higher rpm, the sample’s effective viscosity
was smaller than that at a low rpm. The result of Figure 6 was

(18) Kormann, C.; Laun, H. M.; Richter, H. Iht. J. Modern Phys. B
1996 10 (23—24), 31673172.

(19) Chow, R.; et alJ. Can. Pet. TechnoR00Q 39 (6), 56-61.

(20) Rocha, N.; et alPet. Sci. TechnoR00Q 18 (1 and 2), 33-50.

(21) Yen, T. F.; Erdman, J. G.; Saraceno, AAhal. Chem1962 34,
694—700.
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Figure 5. Viscosity of the paraffin-base crude oil sample versus
temperature at 10 rpm. The curve slope changes aroundCl7
indicating that the wax particles appear in the sample as the temperature
goes below 17C.
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a 39'; Figure 7. Capillary viscometer used to determine a liquid’s viscosity
S 384 H=1.33T for 50s at 10°C by measuring the time interval for the liquid level to drop from mark
%’ 373 Original viscosity: 40.97¢p, D to mark F under gravity.
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Fi 6. Vi itv of th ffin-b de oil | °m Figure 8. Capacitor made of two metallic meshes connected to the
Igdurl% : ls;:](.)st:ty 0 tde paraftin- asefcru € ol sampff at ving |2rge tube G of the capillary viscometer (Figure 7). When the crude
and 10 rpm which was down to 33.1 cP from 40.97 cP after applying o \1asses the mesh, the oil experiences a short pulse electric field as

a magnetic field of 1.33 T for 50 s. Afterward, the viscosity gradually voltage is applied to the capacitor.

went up to return to the original rheological state.

for 10 rpm. However, the viscosity reduction after application according to the theory, a short electric field pulse can
of a magnetic field pulse was present for all different rotational effectively reduce the viscosity of asphalt-base crude oil.
speeds. Following this theoretical consideration, we designed an
3.3. Asphalt-Base Crude Oil.The Shell Company provided experiment and applied an electric field pulse to the asphalt-
a sample of asphalt-base crude oil from California for our base crude oil. The viscosity of our California sample was very
experiment. Since asphalt has a very high melting temperature high. At 23.5°C, it had a kinetic viscosity of 773.8 cSt. To
at room temperature, the asphalt in the crude oil absorbshave a precise measurement and to simulate the oil flow in
moisture and solidifies into asphaltene particles. As a result, pipelines, we used a capillary viscometer instead (Figure 7).
the viscosity of asphalt-base crude oil is very sensitive to  From eq 2.4 and eq 2.5, we estimated that the critical electric
temperature. When the temperature goes lower, the viscosityfield was about 0.9 kV/mm and the durationvas a couple of
of asphalt-base crude oil continuously increases quickly. seconds. Therefore, we made a capacitor with two metallic
However, different from the case of paraffin-base crude oil, the meshes (Figure 8) and inserted the capacitor in the oil flow
curve of viscosity versus temperature for asphalt-base crude oilpath, which was connected to tube G of the capillary viscometer
is usually smooth and has no apparent slope change. to fill its reservoir (Figure 7). A high voltage was applied on
We applied a magnetic field pulse to the asphalt-base crudethe two electrodes to produce an electric field of 2000 V/mm
oil and found that the magnetic field pulse reduced the apparentparallel to the flow direction. The oil flow took abb@ s to
viscosity, but the effect was much weaker than that for paraffin- pass through the two mesh-electrodes, corresponding to an 8-s
base crude oil. The reason may be attributed to the fact thatelectric field pulse. The current passing the capacitor during
asphalt is much less sensitive to a magnetic field than paraffin the experiment was very low, abou®A. This indicated that
particles are. It should be noted that most crude oil produced the power consumption was only about 1 mW, too low to raise
in North America is asphalt-based. This may be the reason thatthe temperature of the crude oil. However, to avoid mixing any
some tests in the USA found that a magnetic field had no effect viscosity change due to the temperature change with the present
on crude oil's viscosity. viscosity reduction method, we maintained the oil sample at
We note that, on the other hand, asphalt has a dielectric 23.5°C as the whole viscometer and the oil flow path were
constant of 2.7, higher than that for the rest of the oils, which immersed in a constant temperature bath.
is about 2.6-2.2. The absorbed moisture in the asphaltene  The typical results are shown in Figure 9. At 23, the oll
particles makes their dielectric constant even higher. Therefore,sample originally had a kinetic viscosity 773.8 cSt. The kinetic
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800 field was found to have weak effect on asphalt-base crude oil.
780_5 (o) Therefore, the dc magnetic field may have some limited effect
] on mixed-base crude oil.

& 7601 Although our viscosity reduction is not permanent, it lasts
L ] several hours, long enough for many important applications.
%‘ 7404 5 For example, in transporting offshore oil via deepwater pipelines,
S 7201 1000V/mm for 8s at 23.5°C the crude oil flows about 3 miles/h. Therefore, after one
2 ] - application of an electric field or magnetic field, the crude oil
L 700'; /-/ could flow several miles with a low viscosity inside the pipeline.
£ 630 /- Reapplication of the required field along the way can help in
x I transporting the crude oil effectively.

660 The dark black color of crude oil prevented us from

20 30 40 50 60 70 80 90 !dentlfymg any aggrt_egated parucles with microscopes as done
Ti . in our experiment with the MR fluid. We hope to identify the

] o ) ime (min) ) aggregated particles in crude oil in future neutron scattering

Figure 9. Kinetic viscosity of our asphalt-base crude oil sample at experiments, which may provide a quantitative comparison of

23.5°C which dropped to 669.5 cSt from 773.8 cSt after applying an : : : ; :
electric field of 1000 V/mm for 8 s. The viscosity then gradually went ?Ourrcelrj%%c’gﬁd theory with the viscosity reduction experiment

to up to return to original rheological state. ) ) ) )
In concluding this paper, we want to emphasize that while

viscosity immediately dropped to 669.5 cSt, decreasing by 104.3the magnetic field method is safe and easy to apply, the electric
cSt. The viscosity then gradually increased. After 90 min, the field method is also safe and easy to adapt for practical
kinetic viscosity was at 706.8 cSt, still 67 cSt below the original applications, such as on oil pipelines. Itis well-known that there

value. It also took abdB h for the oil sample to recover the is always some water content inside asphalt-base crude oil, and
original viscosity. accidental sparks of discharge or dielectric breakdown may

The result in Figure 9 was from a direct currnt (dc) electric occur when the water content in crude oil passes the two meshed
field. We also tested with an alternating current (ac) electric electrodes. However, as our experiment found out, since the
field pulse of 100 Hz and found a similar viscosity reduction capacitor is fully immersed inside the crude oil, accidental
for our asphalt-base crude oil. We note that the electric field dielectric breakdown or sparks of discharge between the two
strength and duration in our experiment may not be the optimal. €lectrodes inside the oil do not cause any fire because there is
Searching for the optimal electric field and duration requires a N0 oxygen available. Of course, the magnetic field method will
series tests. At the optimal situation, the viscosity of heavy have no such “dielectric breakdown” to occur and is thus, in

asphalt-base crude oil may be reduced more. some sense, safer than the electric field method.
Asphalt-base crude oil and mixed base crude oil constitute a
4. Discussions large portion of world crude oil production. Especially in North

America, most crude oil resources, including Alaska oil, are
asphalt-based. We believe the finding reported in this paper is
thus very significant.

Because of lacking the proper sample, we were unable to do
experiments with mixed-base crude oil. Therefore, we applied
the above electric-field method to our sample of paraffin-base
crude oil and found that the electric field pulse could also
significantly reduce the viscosity of paraffin-base crude oil. = Acknowledgment. The authors with to thank Dr. Y. C. Lan
From these results, we are confident that the electric field for his assistance in the experiment. This research was supported
method will reduce the viscosity of mixed base crude oil as in part by a grant from RAND.
well. On the other hand, as mentioned before, the dc magneticEF060072X



