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Abstract. The fow through porous media of oil emulsion is reported in this paper. Base oil, water and
Triton X-100 were used 1o praduce O/W and W/O type emulsions. Shear stress, shear rate, and yicld stress
were measured for the emulsions at differcnt temperatures and oil concentrations.

Results show that at luw oil concentration (10% L 40%), the emulsion was oil in water type and a
Newlunian behavior was observed with viscosity ranging from 1.5 to 7.7 ¢P. Medium oil concentration
(50% 1o 60%) data were interpreted in terms of the power law model relationship for non-Newtonian
TNuid. While at high oil concentrations (70% to 90%) dutu were interpreted in terms of the Hershel-
Bulkley model relaticaship for a nen-Newtenian fluid with yield stress. At high oil concentration of 50
90% oil. the emuision was water in oil type.

Data tor porous packed bed of glass beads are presented using {riction factor and a general Reyaotils
number for the fluw through porous media. which includes a fluid yield stress.

Nomencleture
o= Constant in equaltion 5.
Dp = Particle diameter, m.
f = Friction factor for porous medium
H = Consistency index, Pa S»
L = Bedlength, m.
n = Flow behavior index
AP = Pressure drop, Pa.
R = Radius of tube, m.
R, = Reynolds number for Newtanian fluid flow through porous media.
R = Reynolds number for Hershel-Bulkley fluid flow through porous mediu,

vV = Average intersitial velocity component parallel to bed axis, m/sec.
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V, = Supertlicial velocity, m/s

13 = Porosity

m = Viscosity, Pa. §

T = Shear stress, PA

T, = Yield stress, Pa

¥ =  Shearrate, 1/S

) = Coefficient defined in equation ¢
o =  Density of emulsion, Kgm/m3.
@ = Qil concentration

Background

Most of the world’s crude oil include emulsions [11,13,15,16]. These emulsions
are generally water-in-oil emulsions (W/Q)), which are more viscous than either of
their constituents, 1t is common practice to separate the ¢emulsion into its compo-
nents, thereby obtaining reduced viscosity. This is accomplished in the oil field by
using chemical and heat treatments. In contrast to W/Q emulsions, oil-in-water
emulsions (OfW) have lower viscosities than their oil constituent (at low concentra-
tions). This was considered by some investigators during the devclopment of systems
for producing and transporting crude oil as O/W emulsions [3].

To describe properly the flow behavior of emulsions in both pipeline and reser-
voirs, the properties of emulsions and the physical laws controlling their flow through
tubes and porous media must be known.

Transporting of crude oil as /W emulsion has a major advantage due taits low
viscosities compared with other techniques such as diluting or incrcasing the tcmper-
aturc.

Rheology of emulsions

The rheological properties of emulsion are effected by factors controlied by the
nature of the constituents of the emulsion such as; viscosity of external phase, vol-
ume concentration of the dispersed phase, viscosity of the internal phase, nature of
the emulsifying agent and the interficial film formed at the interface, particle size dis-
tribution and electroviscous effect.

Mechanism of flow through porous media

Emulsion which may be either of O/W or of the W/O type, have drop sizes of few
micrometers, and they must be transported in the reservoir rock having per-
meabilities ranging from a tenth to several Darcys. Experimental findings of several
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researchers |17] reveal the following features: (a) the permeability of the porous
media decreases monotonically with time, (b) the particles do not appear in the
cfflucnt dircetly after a through put of onc pore volume of cmulsion injected, (¢) the
rate and the amount of permeability decrease and the droplet breakthrough time
increase with increasing drop size, (d) in some cases the rate and the amount of per-
meability reduction increase slightly with decreasing flow rate, eventually a stcady
statc is rcached and, () when emulsion injection is followed by many pore volumes
of water flow, droplets elute for about the first pore volume but the original permea-
bility decrease caused by the emulsion remains.

[n tertiary oil recovery process, similar to primary and sccondary recovery pro-
cesses, one encounters problems associated with the formation of emulsions. Evi-
dently such emulsions may either impede or accelerate the recovery depending on
their physico-chemical characteristics under given conditions. For example, if the
formation of emulsion is considered adverse in operating the recovery scheme then
selective methods of demulsification should be invoked.

A review of the literature shows very little mention of flow of emulsions through
porous me¢dia. Some interesting obscrvations favouring the presence of macroemul-
sion in the oll recovery process have been reported by McAuliffe [14]. The ease with
which emulsions flow at high pressure gradients was proposed by McAuliffe to be an
advantage in the field applications because in a radial flow system the highest pres-
surc decrease per unit distance occurs near the well-bore.

The unfavorable aspect of having an emulsion arises outside the reservoir condi-
tions. Although it is well known that macro-emulsions are thermodynamically unst-
able, the presence of multiple surfactants in the flood can effectively prolong the
cmulsion stability to time periods of the order of weeks or months.

Lissant |12} in a recent review indicated that the occurrence of emulsion is a nat-
ural and all perverse phenomenon in petroleum production and emulsions are to be
avuided if possible. He further reported that a considerable amount of literature on
the development of techniques for resolving emulsions can be found and that this
technology should be taken into consideration when emulsification is dcliberately
employed to achicve additional oil recovery.

There are many theories in the literature available to describe emulsion trans-
port behavior. The retardation, originally, delineated by McAuliffe, does consider
transient permeability reduction. 1n this model, the emulsion drops are retarded dur-
ing their passage along the tortuous paths of the mediunt, when a droplet encounters
a pore of throat size smaller than its own diameter, it deforms and squeezes through.
In the constricted pore it experiences capillary resistance force, therefore, moves at
slower speed than the continuous phase, thereby causing an overall permeubility
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reduction. A steady state is reached when the emulsion breakes through the porous
media. In the case of high concentration emulsions no permeability reduction is pre-
dicted and the emulsion particles must elute exactly at one pore volume of fluid injec-
tion. At high concentrations steady state is quickly approached, which have small
drop size to pore-size ratios.

The purpose of this research is to study the flow of O/W and W/O macroemul-
sion through porous media. The rheological characteristics of emulsions are
analyzed by using rotational viscometer. A ncw method developed by Al-Fariss and
Pinder [1] is used to describe the flow of emulsions through porous media that uses
both capillary and core flow data. Results are presented in the form of modified {rig-
tion factor and modified Reynolds number correlation.

Model Development
Al-Faiiss and Pinder [1] have developed a general model describing the flow of
shear thinning liquid with yield stress through porous media in the form of modified
triction factor-Reynolds number correlation. Their work and ours used the
Herschel-Bulkley model to describe the rheological behaviour of the fluid used:

T=Hy"+1, (1)

This model was used because the rheological data for the emulsions tested show
Newtanian, Power-Law, and shear-thinning with yicld stress behavior.

By making force halance in a tube and imtegratling the average velocity was
obtained as:

V=

nR(HK) [ AP 1, }K

QLIF RIT @

1+3n
For special case when 7, = 0, n = 1, ie. H = g, equation {2) reduces 10 Hagen-
Puiseuille equation for the flow of Newtonian fluids;

& ap

V=

By using capillary approach to describe the flow through porous media, the hyd-
raulic radius, superficial velocity, and tortuosity effect are introduced in equation 2
to get the following equation;
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n |: Dt ]+A AP 3(1-€)
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Blake {4] was first to present the equation for the {low through porous media in
the form of a friction faclor-Reynolds number correlation. The relation for viscous
flow was given as:

="/ R (%)
where, C" is a constant and
AP D, €
fre—t—
PV L{1-¢€) (%)
and
s VoDyp
fo{1-e)u N

By analogy with equation 5 and by substituting equations 4 and 5 into equation f we
get the definition of Reynolds number for the flow of emulsions through porous
media

Ru _ I‘?lpr
) Ql!DpegV: seHTE 8
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5:6[ & ) B (i-e)
1) |31 ) 9)
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Tt (10)

‘The modified Reynolds number defined by equation 8 appears to be more gen-
eral form, since it includes yield stress and the flow parameters H and n of Hershel-
Bulkley madel. Equation 8 reduces to equation 7 for the flow of Newtonian fluids
through porous media when (r; = 0,n=1,and H = ) [1].

Experimental Work

The emulsions tested in this work were oil in water ((M/W) type, i.e., the oil
droplets formed the disperse phase and the aqueous emulsifier solution formed the
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ceniinuous phase. The oil used was a refincd base-oil 700 from Riyadh Refinery. The
base-oil was used because it is free of any additive or any other parameters which may
affect the results. The commercially available surfactant Triton X-100 was uscd to
stahilize the emulsions. Triton X-100 is a nonionic water soluble motecule (isoctyl-
pheoxy polyethoxy ethylen) with 9 to 10 cthylene oxide units. The surfactant has a
density of 1.065 gm/cc and a viscosity of 240 cp at 25°C. Its surface tension at 0.5%
{by volume concentration) is about 31 dyne/cm.

Experimental technique

The viscosity of emulsion was measured for diffcrent concentration of oil-in-
water (10% to 0% oil concentration in water, and at different temperatures 5°C to
35°C by 5°C increment). The samples were prepared by mixing triton X-100 with
water first for 5 minutes then oil was added to give the desired concentration of vil
and Triton X-100 (0.5% hy volume of the emulsion). Then solution was mixed at
high rate for 15 minutes to ensure uniform droplet size. For preparation of low ol
concentration (10% to 40% oil} samples; first the oil emulsion was preparcd then it
was diluted by 0.5% Triton X-100 in water to the desired concentration and this is to
provide a larger stahility [8]. For low concentration samples (from 10% to 30% oil),
it tends to cream within nearly two hours and mixing rate has no major effect on the
period of stability. This creaming instability is due to the use of a nonionic cmulsifier
(Triton X-100) for emulsification because it produces a skin of the internal phase
(vil) droplets and prevents coalescence but it will not keep them part and prevent
creaming as an ionic emudsifier will do. In low oil concentrations, there is random dis-
tribution of the droplets.

While for medium oil concentrations (40% 10 60% ) the mixing rate has an effect
on the stability of the emulsion, at high mixing rates the size distribution will be more
uniform and will give a monodisperse droplets which form a uniform packing. A mix-
ture of ionic and nonionic emulsifier should be used for thiy runge of oil concentra-
tion (40% to 60%) to keep the droplets apart by means of the ionic emulsifier and 1o
decrease the creaming rate while the nonionie emulsificr should be used to prevent
coalescence. For high oil concentrations (70% to 90%) the emulsions are in super
creamed condition and nearly reach the maximum uniform packing tesselation
(F.C.C. PF = 74%), therefore the solution reached a stable condition by standing
more than 72 hours, For this range of oil concentration a relatively high rate of mix-
ing should be provided. A nonionic emulsifier is the best for high oil concentrations
because it prevents creaming.

Rheological properties measurements

The viscometer used to measure the shear stress, shear rate and yield stress of
the emulsion tested was a rotating hob type coaxial cylinder viscometer (HAAKE
Rotovisco Model RV-12). The outer stationary cylinder {cup) is surrounded by a
lemperature controlled water-jacket. Inside the cup, there is an inner cylinder (bob)
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of smaller diameter which rotates to shear the emulsion in the gap between the cup
and bob. There are many possible combinations of the size and type of bobs and cups
for thisinstrument depending on the materia! to be tested. The set of NV cupand bob
was chosen for the relatively low viscous emulsions (10% to 50% by volume of oil}.
The set of MV profiled cup and MVIIP bob was chosen for intermediate emulsion
viscositics {60% to 80% oil). And for 90% oil cone and plate combination was chosen
due to high viscosity of this emulsion concentration.

The viscosity of the emulsion samples was measured at 7 different temperatures
in the range from 5°C to 35°C with 5°C increment. The sample was changed after each
temperuature test to avoid separation of emulsion.

Flow test equipment

The packed bed consists of glass beads packed in a plexigiass column sur-
roundcd by a plexiglass water jacket in which constant temperature water is circu-
lated. To maintain a large column diameter to particle diameter ratio and reduce wall
effects, beads of 1.5 mm particle size was used to pack the plexiglass column (100 mm
intcrnal diamcter, with pressure taps interval of 1200 mm), this gives a ratio of col-
umn Lo particle diameter value of 66.7. The sample was kept in a tank with a mixer
to avolid separation of emulsion, and surrounded by a jacket in which a constant tem-
perature water is circulated. When the desired temperature is reached, the sample is
introduced to a shell and tube heat exchanger (made of mild steel) 1o reach the accu-
rate needed temperature. Then a pressure is applied to the heat exchanger from a
pressurized nitrogen cylinder, therefore, the emulsion will flow from the heat
exchanger through a control valve to the packed bed. The temperatures at the heat
exchanger outlet and the inlet of the packed bed stream werc mcasured by a ther-
mocouple thermometer. The outlet stream from the packed bed flow through a
rotameter to indicate a steady state flow, and the mass flow rate is measured by tim-
ing the accumulation of known weight. A schematic diagram of the flow tests equip-
ment is shown in Fig. 1.

Resulits and Discussion

A Newtonian behavior was observed for emulsions of 13, 20, 30 and 40% oil
content as shown in Fig. 2. Their viscosities are relatively low which range between
1 to 9 cp. At low oil concentration the droplets do not interfere with each other
appreciably, but as more internal phase is introduced the droplets begin to collide
more [requently. This causes an increase in the viscosity of the whole mixture. At this
range of cil concentration (10% - 40% oil) the rheological characteristics of the
emulsioms are poverned mainly by the rheological characteristics of external phase.

When the oil concentration was increased above 40% to about 60% woil, the
emulsion behaved as a non-Newtonian fluids (pseudoplastic behavior) which was fit-
ted by power law model, as shown in Fig. 3).
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It was noticed that at low shear rates, viscosily was considerably higher than that
of lower oil content emulsions. Since at medium internal phase concentration (50%
and 60% oil), the packing of regular cubic array might have been reached (PF =
0.52), the droplets interfere with each other rather drastically, and hence flow prop-
crties become non-Newtonian and the upparent viscosity of the emulsion can reach
high valucs.

Finally, when the oil concentration was increased above 60% oil, the non-New-
tonian behavior becomes significant. Yield stresses were obscrved and their values
were in the range of 1.0 to 16.0 Pa. as oil concentration increases. Values of the vis-
cnsity increased rapidly as the oil concentration was increased. Data at these concen-
trations of ail (70%, 80% and 9%0%) were fitted to Hershel ~ Bulkley model (Equa-
tivn 1) as shown in Fig. 4. At high concentration of vil, the droplets reach the most
crowded packing (faccd centered cube PF = (.74) then as further increasc in the
internal phase, the droplets begin to flatten and the non-Newtonian behavier
becomes remarkable with rapid increases in viscosity. At this situation a yield stress
was obscrved as a minimum stress needed to deform the fluid.

It was noticed from the rheological measurement that at oil concentration less
than 40%, the behavior of the emulsion is Newtonian i.e.

T=uy (11)

where Tis the shear stress, ¥ is the shear rate and u is the viscosity of emulsion. This
behavior was cxpected since the external phase was water which is a Newtonian fluid.
While at higher vil concentration (50% —60% oil), the results showed that the rela-
tion between 1 and y is non-linear which indicates a psendoplastic behavior following
the Power-Law, i.e.

T=uy (12)
where H and n are constant.

At high oil concentrations (70% — 90% oil) where droplets become more
crawded, the emulsions started 10 exhibit yicld stress and behaved as a shear-thin-
ning behavior folowing Hershel-Bulkley modcl, i.e.

=i +1, (13)

Values of the coefficients H,n, and 1, are shown in Table 1 [2].
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Tahle 1. Rheological characteristics of emulsions

Emulsion Tempera- Pas" x 109 n Yield value
concen- ture°C H T, Pa.
20% Ol 5 3.984 1.0 0.00

10 3.461 1.0 0.00
15 3009 1.0 0.0
20 2.675 1.0 0.00
25 2381 1.0 0.00
30 2.203 1.0 0.00
35 1.926 1.0 .00
)% Oil 5 266.59 0.803 0.00
10 244 .72 0.741 (n.00
15 216.90 0.769 0.00
20 166.69 0.784 0.00
25 140.13 0.796 0.00
30 113.75 0.817 0.00
35 12,56 0.799 0.0
% il 5 49215 0.416 14.60
10 46293 0.411 11.52
15 37019 0.414 10.24
| 31859 0.419 8.96
25 21038 0.455 16.64
30 13980 0.427 15.36
35 21476 0.430 14.08

For the flow through porous media the analysis of the experimental results was
based on the friction factor - Reynolds number correlation in the laminar Tegion
where [5] Re < 10 (i.e. the flow data were presentcd as Equation 10}.

A number of values of C’' have been used by many investigators. Carman (&
and Kemblowski and Michniewicz [9] reported value of 180, Frgun [7] and Larkins
[11] found it to be 118. Values of 180 and 150 appear to be more common for fitting
similar experimental data for different kind of fluids and packings. The value of C''
depends on many factors, such as shape, type and size packing, and the technique
uscd for packing {1].

The results are shown in Figs, 5, 6 and 7 for 40%, 60% and 80% emulsions
respectively. The 40% , 66% and 80% emulsions have been chosen because each con-

centration represents onc of the three models used 1o fit the experimenial data {i.e.
Newtonian, Power-Law, and Hershel-Bulkley model). The solid line on each graph
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represents Equation 10 with ¢/ = 150, while dashed line represents the same equa-
tion with ' = 180.

These figures show how good the model proposed fits the experimental data for
each concentration. The average error was calculated for each emulsion concentra-
tion for the two values of C'’. For 40% il the avcrage error for 34 data points was
1.61% and 3.0% for C"" = 180 and C'' = 150 respectively. For 60% oil the average
error for 58 data points was 1.06% and 1.37% for €'’ = 180 and C** = 150 respec-
tively. Finaily for 80% oil with 68 data points the average error was 0.86% and 0.81%
for C"" = 180 and '’ = 150 respectively.

Caonclusions

1) The emulsion stability is mainly governed by the properties of the emulsifier
and the applying shear rate. Where for low internal phase ratio emulsion (10% to
40%) an ionic emulsificr should present and a moderate shear rate should be applied.
On the other hand for medium internal phase emulsion a mixture of ioni¢ and
nonionic emulsifiers should be applied with high shear rate. For high internal phase
ratio (70% to 90% oil) a nonionic emulsifier shuuld be sufficient to produce stable
emulsion.

2) By analyzing the rheological data for the cmulsion. Newtonian behavior
was observed for a low oil concentration of 10 - 40% oil and the emulsions was oil in
water type. For medium internal phase concentrations (50~ 60% oil), a pscudoptas-
tic behavior was observed and data were fitted to the power law model with an
acceptable error. Shear thinning with initial yicld stress behavior was observed for
high internal phase ratio (70% to 90%) and data representcd by the Hershel —
Bulkley model. For medium and high oil cancentration (50 —90% oil), the cmulsion
was water —in — oil type.

3) Experimental data for the flow of the emulsion through porous medium
were fitted to the model developed by Al-Fariss and Pinder corretation [1] which was
presented as friction factor-Reynolds number relationship for viscous flow through
porous media. This correlation (equation 10) fitted the data with an acceptable aver-
age error. The values of C" used in this study was 150 and 180.

References

[1]  Al-Fagiss, T.F. and Pinder, K.L. “Flow Through Porous Mcdia of a Shear-Thinning Liguid with
Yield Stress™, Can. J. Chem. Eng. 65, {June 1987), 391-406.

[2] Al-Odan, M.A. “Flow of Oil-in-Water Emulsion Through Porous Media™, B.Sc. Thesis, Chemi-
cal Enginecring Department, King Saud University, Riyadh, January, (1990).

[3]  Alvaradu, D.A. and Marsden, 5.5.Jr. “Flow of Oil-in-Water Emulsions Through Tubes and Por-
ous Mcdia”, SPES (December 1979), 364-177.



4]
1]

6]
4
[0
no
111}
[12]
[13]
4]
[s]

{16]
17

Flow of Qil Emulsion... 15

Blake, F.C. “The Resistance of Packing to Fluid Flow™, Trans., A.LCh.E., 14, (1922), 415-421.
Brea, F.M.; Edwards, M.E. and Wilkinson, W.L. “The Flow of Non-Newtonian Slurrics Through
Fixed and Fluidized Beds” Chem. Eng. Sci., 31 (1976), 329-336.

Cannun, P.C. “Fluid Flow Through Granular Beds”, Trans. Inst. Chem. Engrs. London, 15(1937).
150-166.

Ergun, $. “Fluid Flow Through Packed Columns™, Chem. Eng. Prog. 48, (1952), 89-94.

Flock, D.1.. and Steinborn, R. “The Rheology of Heavy Crude Qils and Their Emulsions”, Paper
Presented at the 33rd Annual Technical Meeting of the Petroleum Society of CIM. Calgary. Junc
1982, 6-9.

Kemblowski, Z. and Michnicwicz, M. “A New Look at the Laminar Flow of Power Law Fluids
Through Granular Beds™, Rhenl. Acta, 18 (1974), 730-739.

larkins, R.P.; Whitc. R.R. and Jeffery, ).W. "I'wo Phase Co-Current Flow in Packed Beds™.
AICKE L. 7, (1961) 231-239,

Lissant, K.J. Emudsions and Emulsian Technology. Vol. 6. Part 1, New York: Marcek Dekker, Inc.
1974,

Lissant, K.L. et al. tmproved Oif Recovery by Surfactant and FPolymer Flooding. New York:
Academic Press, [977,

Marsiden, $.5.Jr. and Rose, §.C, “Cold Emulsion Line Proposed for Arctic”, O and Gas J. (Oct.
11, 1971}, 100-106.

McAuliffe, C.D. “Oil-in-Water Emulsions and Their Flow Properties in Porous Media”, J. Per
Tech. 25, (1973), 727-733,

Rimmer, D.P.; Gregoli, A.A; Hamshar, J.A. and Aolah, A.M. Water Continuous Emdsions for
Heavy Crude Transportation. Canadian Oucidental Petroleum, Lid, 1988.

Sherman, P, Emulision Science. London: Academic Pres Inc., 1968.

Soo, H. and Radke, C.J. “A Filtration Model for the Flow of Dilute Stable Emulsions in Porous
Media-J. Theory™. Chem. Eng. Sci., 41, No.2 (1986), 263-272.



16 I"¥.A)-Fariss et al.

Pl day SN L ) Sleiad) O

agall dildes ale 3 U B0 ol & oAl ol 5 0
(A o e S rale  Laiia w‘@'!,..._.ﬂl-f.a.uﬂr_i
Lapanlt Lyl SLd1 AVETPY AL I
SLLRJA VAR T IR T LY VAR VL JF PR E)

ot CnPy ity Sy “'lL-M by Joet Wllly IOV T I P Ol po delys S ]l g iv
(Triton X-100) islay el asa L!’...L,Sll S i ks g sz 5 g el Yl ale B amys Ul bt
Bl s e el e el 1 SVl el e s ol algr Y e IS iy
V) e ol AN S i OF Aty S o gl iy a3 S0
Syt VAV 1YL 0 0n gty gl S5 dipipedl JolmdlS b i (eln () honima 085 8
J-J'auu ! Ol JE el ooy 13 (/%0 D00y cu Pt o Bl SR Sty e dt L
w(u)d.humuﬁ FATISL 23 PENEIEN L;L..Ji,.sjdl by il | Ligry sl
Sl a2 Db ags SN bz U ol bJ-FJJJ gl wlyald 4S5 L2 a o
Al et s A OL ] (g BV Jalas L B 3y Jo AVl Ll
.ciL'Jl it gy



